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1. INTRODUCTION 
Members of several families of highly conserved heat 
shock proteins have been shown to function as "molecular 
chaperones" in both eukaryotic and prokaryotic organisms. 
Molecular chaperone proteins facilitate the proper formation 
of the polypeptide components of macromolecular complexes and 
prevent or disrupt improper protein-protein interactions. 
Chaperone proteins play an essential role in preventing 
incorrect structures from forming and in the disassembly of 
those that do form, but do not permanently associate with 
correctly assembled proteins in vivo. 
GroEL and GroES 
Members of the first heat shock protein family to be 
designated as molecular chaperones include the GroEL protein 
in the bacterium E. coli , the Rubisco-binding protein in 
plant chloroplasts, and hsp60 first characterized in the yeast 
Saccharomyces cerevisiae and the ciliate Tetrahymena 
thermophila (1, 2). All of these proteins have an approximate 
molecular weight of 60 kilodaltons and are collectively known 
as chaperonin 60 (cpn60) proteins. In E. coli, the GroEL gene 
is co-transcribed with the GroES gene in a single operon (3). 
Oligomeric GroEL and GroES form a complex which is important 
in a multitude of protein transport and assembly processes 
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(4). Eukaryotic organelles have a GroES homologue designated 
cpnlO which is found in a similar complex with the GroEL 
homologue, cpnGO (5, 6). 
GroEL is an essential gene in E. coli. It is the major 
heat inducible protein at temperatures above 43 °C. Under 
normal cell conditions, the GroEL protein has been implicated 
in the stabilization of incompletely or incorrectly folded 
proteins until they can be either assembled, disassembled or 
further processed and transported. Current hypotheses hold 
that at temperatures high enough to cause unfolding of 
proteins or disaggregation of macromolecular complexes, high 
levels of this protein may prevent further disruption of 
structure and may assist in the recovery of proper structure 
once conditions return to normal (7, 8). 
Chloroplast cpn60 
The second member of the 60 kDa family of molecular 
chaperones to be identified was Rubisco binding protein (RBP) 
(1, 9). This protein binds intermediates in the assembly of 
the mature ribulose-bis-phosphate carboxylase (Rubisco) 
holoenzyme. Newly synthesized Rubisco large subunits made 
within chloroplasts are first found associated with the RBP 
oligomer. Small subunits of Rubisco, synthesized in the 
cytosol are also found in association with the RBP complex 
following import into chloroplasts. These associations appear 
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to be required for subsequent assembly of the large and small 
subunits of Rubisco. 
Mitochondrial cpn60 
More recently, hsp60 has been identified as the 
mitochondrial homologue of the groEL protein, first in 
Tetrahymena thermophila and subsequently in Saccharomyces 
cerevisiae, Zea mays and other organisms. Hsp60 is an 
abundant protein existing in the mitochondrial matrix as an 
oligomer of fourteen subunits. It is encoded by a heat-
inducible gene found in the nucleus. Hsp60 is essential for 
normal peptide folding of several, but not all mitochondrial 
proteins in S. cerevisiae. (10, 11, 12) . A temperature 
sensitive mutation in the gene coding for the hsp60 monomer 
causes loss of the native hsp60 complex at non-permissive 
temperatures and abolishes further macromolecular assembly in 
the mitochondrial matrix without affecting import and 
processing of precursor polypeptides (10) . These experiments 
suggest that hsp60 plays a necessary role in the proper 
folding of individual components of multimeric complexes. 
Gene disruption experiments found this gene to be essential at 
all temperatures in yeast (13). This protein has been found, 
like RBP, to associate directly with proteins newly 
synthesized within mitochondria (14), as well as with newly 
imported proteins (15), 
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Maize mitochondrial cpn60 
Hsp60 appears to be regulated not only by temperature but 
also in response to developmental cues. In maize, relative 
levels of mitochondrial cpn60 protein are 2 to 4 times higher 
in mitochondria of dry seed and early seedlings (less than 48 
hrs. post-imbibition) in comparison to older seedlings (76 to 
120 hrs.) (16). Mitochondrial biogenesis is actively 
occurring in the early developmental stages of maize. The 
observation of elevated levels of mt-cpn60 in seed and early 
seedling tissue suggest that cpn60 in maize may be required in 
some capacity for mitochondrial biogenesis, stabilization or 
reorganization during the. developmental programs of 
embryogenesis, desiccation, dormancy and germination. 
Maize was chosen as a model system in which to study the 
structure and regulation of the mitochondrial cpn60 genes in 
higher eukaryotes. A better understanding of factors 
influencing the expression of stress-inducible proteins within 
economically important species may contribute to the 
development of varieties adapted to adverse growing 
conditions. 
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2. LITERATURE REVIEW 
Heat shock proteins 
All organisms produce a characteristic profile of 
cellular proteins in response to hyperthermia (8, 17, 18). 
These proteins have been described as heat-shock proteins 
(hsps) and have been the subject of many studies during recent 
years. The genes encoding heat shock proteins were first 
recognized by a unique puffing pattern in the salivary gland 
polytene chromosomes of Drosophila bucksii following exposure 
to heat shock conditions (19). Later, descriptions of the 
heat shock response in insects and insect cell cultures (20, 
21) introduced heat shock, as a system for studying inducible 
gene expression and chromatin structure. Although hsps were 
first characterized by their increased expression in response 
to temperature stress, many heat shock proteins are found at 
significant levels in normal nonstressed cells, and are found 
in cells at particular stages of development or at particular 
stages of the cell cycle (8, 22, 23, 24). Some hsps are known 
to be essential for cell survival under all conditions of 
growth in unicellular organisms such as Saccharomyces 
cerevisiae and E. coli (13, 25, 26). Hsps are highly 
conserved from prokaryotes to eukaryotes (27, 28). Such 
conservation of sequence throughout evolution is consistent 
with the essential roles many of these proteins are thought to 
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play in cell survival under both normal and stress conditions 
(24, 29). 
The heat shock proteins are classified into families by 
molecular weight in kDa as HSPllO, HSP90, HSP70, HSP60, and 
low molecular weight (LMW) HSPs (15-30 kDa) (23, 30, 31, 32). 
Some hsps are members of multi-gene superfamilies in which not 
all members are regulated by temperature stress. Certain 
normal cellular proteins which are homologous to hsps and do 
not increase significantly in expression in response to heat 
stress are termed hsp cognates (HSCs) (8, 32). Members of 
some hsp families are present in various cellular 
compartments, including endoplasmic reticulum, mitochondria 
and chloroplasts (2, 13, 33, 34, 35, 36, 37). 
Molecular chaperone proteins 
Accumulating evidence indicates that members of the 
various hsp families play key roles in the stabilization, 
transport and folding of nascent polypeptides and folding 
intermediates in the cell (8, 38). Because of their 
involvement in these activities, these proteins have been 
termed "molecular chaperones" or "polypeptide chain binding 
proteins" (9). A summary of the chaperone activities ascribed 
to various hsp-related families is presented in Table 1. 
Classic experiments described by Anfinsen (39) involving 
the spontaneous renaturation of ribonuclease in vitro formed 
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the basis for the hypothesis of self-assembly of proteins. 
This hypothesis held that all the information necessary for 
the secondary and tertiary structure of proteins is contained 
within the primary sequence of amino acids and that each 
polypeptide chain interacts with itself as it is synthesized 
to assume a folded conformation with the lowest free energy 
(40). This process is spontaneous and requires no additional 
input of energy or steric information from outside of the 
polypeptide itself. The interactions occurring within and 
between the polypeptides are sufficient to accomplish all 
aspects of protein assembly including interactions with other 
oligomeric components, unfolding to allow passage across 
membranes en route to subcellular compartments, and subsequent 
refolding and assembly. Evidence in support of this 
hypothesis has been drawn from studies involving the 
successful in vitro refolding of proteins. However, the 
success of these experiments is dependent upon concentrations 
and solvent conditions far different from those present in the 
cellular or subcellular environments where these interactions 
occur in vivo (41) . Aggregation and misfolding of 
polypeptides is a problem frequently encountered in in vitro 
refolding studies (41, 42) but is rarely observed in vivo, 
except with mutant proteins or in heat-shocked cells (43). 
The concept of molecular chaperones was developed to 
account for these shortcomings in the self-assembly 
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hypothesis. Molecular chaperones are 'helper proteins' that 
recognize non-native or incorrectly folded proteins and 
control interactions along the paths from translation to final 
assembly into functional proteins (44). These chaperone 
proteins act to inhibit incorrect molecular interactions, 
prevent premature folding and aggregation and thus mediate the 
acquisition of the native protein structure without becoming 
part of the final product (45). Because the rate of protein 
folding is not accelerated, chaperones should be considered 
facilitators of protein folding rather than true catalysts. 
Chaperone proteins have been implicated in a variety of 
normal cellular processes such as the folding of polypeptide 
chains immediately after synthesis, unfolding prior to 
transport across membranes and refolding following such 
transport. They also are thought to prevent aggregation and 
promote refolding of proteins subjected to stresses such as 
heat shock (9, 46, 47). Several families of chaperone 
proteins have been described (Table 1) in the literature. 
This review will focus upon the chaperone activity of members 
of the cpn60 family of proteins. 
The aroEL/Hap60 family of hep's 
Heat shock studies of the unicellular ciliate Tetrahymena 
thezmophila revealed that a normal mitochondrial protein of 
approximately 58 kDa was selectively synthesized and 
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accumulated upon exposure to high temperatures (2). Further 
investigation revealed that the protein was antigenically 
related to mitochondrially associated proteins from 
Saccharomyces cerevisiae, Xenopus laevis, Zea mays and human 
cells (48). The GroEL protein of Escherichia coli also showed 
antigenic cross-reactivity to the T. thermophila hsp58 
antiserum (48). The Tetrahymena, yeast and E. coli 
macromolecular complexes had similar sedimentation 
characteristics and identical morphology under scanning 
electron micrography. The complexes had a seven-fold symmetry 
and a stacked double ring appearance (48). Analysis of the 
cloned yeast gene HSP60 (13) revealed a predicted amino acid 
sequence homology that was approximately 50% identical between 
the yeast protein and cpn60 from human mitochondria, 
chloroplasts and bacteria (1, 13, 49). Subsequent studies 
show a high level of sequence conservation among mitochondrial 
cpn60 (mt-cpn60) proteins isolated in many other organisms 
(this work) (50, 51, 52). These data suggest that structural 
homologues of prokaryotic GroEL proteins are likely to be 
present in the mitochondria of all eukaryotic organisms. 
GroEL homologues were also detected in chloroplasts (53, 
54) during studies of the biosynthesis of ribulose bis-
phosphate carboxylase (Rubisco). A significant proportion of 
the Rubisco large subunit peptides found in higher plant 
chloroplasts are associated with a large oligomeric protein 
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called the "Rubisco binding protein". This oligomeric protein 
is composed of two types of sequence-related subunits of 61 
and 60 kDa, known as alpha and beta subunits. Isolation and 
analysis of the genes for both subunits revealed greater than 
46% similarity with GroEL (1) . 
"Chaperonin" proteins 
The hsp60-related proteins were among the first of the 
heat shock proteins to be identified as molecular chaperones 
(44). A specific class of chaperone proteins termed 
"chaperonins" was originally defined to include both the 
members of the hsp60 family and the GroES-related (cpnlO 
proteins) co-chaperones, with which hsp60s interact (1). 
Chaperonin 60s include GroEL from E. coli, chloroplast Rubisco 
binding protein, the Pi protein of human and Chinese hamster 
mitochondria, mitochondrial Hsp60 (cpn60) in Saccharomyces 
cerevisiae, Zea mays, Tetrahymena thermophila, and several 
other eukaryotic organisms. All of these proteins share high 
sequence homology and conserved structural motifs in the 
oligomeric protein. These proteins have a characteristic 
oligomeric structure consisting of two stacked rings of seven 
subunits of ~ 60 kDa (only one ring of seven subunits was seen 
in mammalian mitochondria). The high degree of sequence 
similarity and the distribution of these chaperonin 60 
proteins in bacteria and autonomously replicating organelles 
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are consistent with an endosymbiotic origin of this cpn60 
subfamily (55). 
Both yeast and mammalian mitochondrial cpn60s are encoded 
by single copy genes found in the nucleus (13), although hsp60 
pseudogenes have been reported in both humans and Chinese 
hamster cells (49). Plant mt-cpn60s are encoded either by a 
single gene as in Arabidopsis (50), or by two closely related 
genes as in Zea mays (this work) or pumpkin (51). 
Plastid cpn60 is composed of two different polypeptides 
in Brassica napus (56) and Arabidopsis thaliana (57). The 
alpha and beta cpn60-peptides are less homologous with each 
other (49%) than are the two mt-cpn60s of maize or pumpkin 
(94-98%). Both ct-cpn60 subunits are 46-50% homologous with 
the cpn60s of bacteria and mitochondria. 
The current model for chaperonin action, whether it be 
bacterial, mitochondrial or plastid, proposes that the 
chaperonin complex binds substrate protein and supports its 
folding to the native state through many cycles of binding and 
release in a Mg-ATP dependent reaction (56). A co-chaperonin 
GroES (cpnlO) is required for full function of GroEL (or 
plastid cpn60) in in vitro studies (4, 57, 58, 59, 60). The 
GroES product is a 7-membered ring complex of ~10 kDa subunits 
which associates with the GroEL complex in 1:1 stochiometry 
(61). The involvement of a cpnlO protein in mammalian 
mitochondria has been reported (5). A protein with GroES-like 
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chaperonin activity has also been reported in pea and spinach 
plastids (62) . The subunit size of the pea and spinach mature 
GroES-like proteins however, are ~24 kDa and are comprised of 
a transit peptide followed by two distinct cpnlO molecules in 
tandem. Both halves of the "double cpnlO" are highly 
conserved at many of the positions that are present in all the 
cpnlOs which have been identified. A mitochondrial cpnlO 
homologue has not yet been identified in either plants or 
yeast. 
Recent genetic and biochemical evidence has identified a 
region of the GroES peptide which is important for interaction 
with the GroEL oligomer (63). Eight independently isolated 
GroES mutants map to this region. NMR data indicated that 
this region of GroES forms a highly mobile and accessible loop 
which is significantly altered in mobility and accessibility 
when bound to GroEL. A synthetic peptide representing this 
region binds to GroEL in a region distinct from the GroEL 
substrate binding site. 
Recently, studies have identified a sub-family of 
chaperonin 60-related proteins in the cytoplasm of eukaryotic 
organisms. An hsp60-related protein, TCP-1, encoded in the t-
complex of mouse chromosome 17 has been localized to the 
cytosol of murine and human cells (64, 65). A homologous 
protein has been independently identified in humans by its 
ability to complement genetic defects in amino acid transport 
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in Saccharomyces cerevisiae (66) In bovine developing sperm 
cells, this protein is part of the TRiC cytosolic complex 
along with as many as nine other subunits, at least three of 
which are structurally related to TCP-1 (67). This protein 
may be the cytoplasmic counterpart of the bacterial and 
organelle chaperonins. Like the distantly related chaperonins, 
TRiC binds unfolded polypeptides (e.g., alpha and beta 
tubulin), prevents their aggregation and promotes correct 
folding and assembly (e.g., tubulin dimer formation) (68). 
However, the TRiC complex differs from chaperonin 60 in that 
it is a hetero-oligomer containing structurally related 
subunits arranged in a single layer ring conformation. It 
appears to function independently of any small co-chaperonin 
such as GroES. Subsequently, an hsp60 homologue (TF55) was 
described in the thermophilic archebacterium Sulfolohus 
shihatae (69). This homologue shows significant divergence 
from the GroEL sequence but has a very similar sequence to 
TCPl. It retains the characteristic oligomeric ring shape of 
chaperonins, but contains a double ring of nine (or 
occasionally eight) identical subunits rather than the seven 
subunits of the eubacterial, mitochondrial and plastid cpn60s. 
A TCPl-like cytoplasmic protein that co-purifies with oat 
phytochrome has also been identified (70). This protein has 
chaperone function in vitro with respect to phytochrome 
binding and assembly (71). The oat cytoplasmic TCPl homologue 
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has a double stacked ring structure with six subunits per 
ring. Five of the six subunit polypeptides cross-react with 
TCPl antibodies. TCPl-like proteins have also been reported 
in the cytosol of Arabidopsis, Pisum sativum , Saccharomyces 
cerevisiae, Drosophila and several mammalian species (72, 73). 
The sequence data suggest that in contrast to the 
endosymbiotic origin postulated for the mitochondrial and 
chloroplast chaperonins, the cytoplasmic TCPl-related proteins 
may be unique to the eukaryotic lineage. 
Chaperonins and protein folding 
Current models for protein folding in the cell or the 
subcellular compartments of the plastids or mitochondria 
invoke at least two groups of chaperone proteins, the hsp70s 
and hsp70 cognates, and the hsp60-like chaperonins (56, 74). 
Members of the hsp70 protein family are found in every 
cellular compartment where folding takes place (30). Hsp70s 
have been identified in the cytoplasm, plastids, mitochondria 
and endoplasmic reticulum of eukaryotic cells. In many of 
these compartments, more than one member of the hsp70 family 
is present. The DnaK protein of E. coli is also a member of 
the hsp70 family (75). Studies in yeast have shown that 
several members of the hsp70 family are essential to cell 
survival during conditions of normal growth and under stress 
conditions (34). 
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The model supported by in vitro binding and folding 
studies suggests that proteins associate with hsp70 proteins 
as they come off ribosome complexes during translation (56, 
76) • They are maintained in a folding competent state and 
chaperoned to their cellular destination by these 'helper' 
proteins. In the case of a protein with a cytoplasmic 
destination, they are transferred to TCPl-like chaperonins as 
folding intermediates. Folding to the native state takes 
place in the sheltered environment of the central cavity of 
the chaperonin ring (60). Multiple cycles of binding and 
release upon ATP-hydrolysis are necessary for complete 
folding. In the case of several proteins destined for the 
mitochondrial matrix, hsp70 proteins are known to be essential 
for protein transport across mitochondria membranes (77, 78, 
79). The hsp70 chaperone protein may maintain the targeted 
protein in a transport-competent conformation until it has 
successfully completed transfer across the organelle 
membranes. The mitochondrial hsp70 has been shown to bind to 
peptides as they move into the mitochondria even before 
translocation across the mitochondrial membrane is complete. 
Upon arrival, matrix proteins are transferred to the 
chaperonin 60 complex and folding to the native state 
commences. 
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GroEL/GroES 
The GroEL protein of E. coli is the best-characterized 
chaperonin in terms of both structure and function (3, 55, 
80). Since sequence and structural moieties are so highly 
conserved in the hsp60 family, inferences are often made 
regarding the structure and function of other chaperonin 60s 
based upon information gained from studies of the GroEL 
complex. The GroEL gene is essential for bacterial growth at 
normal temperatures (26). Following temperature stress the 
level of GroEL in the cell increases to as much as 10% of 
total cellular protein (26). Mutational analyses in E.coli 
indicate that the GroEL gene product is involved in processes 
such as DNA replication, protein assembly and protein 
transport (3). Over-expression of GroEL and GroES proteins 
can suppress a number of mutations affecting these processes 
(81, 82, 83). For example, E. coli rpoH mutants lack the heat 
shock sigma subunit of RNA polymerase and are unable to induce 
hsps. This lack of heat shock protein expression results in 
the aggregation of newly synthesized proteins. Over-
expression of GroEL and GroES (or DnaK and DnaJ) proteins in 
rpoH mutant cells prevents protein aggregation (84). 
Complexes formed between GroEL and proteins destined for 
export from E. coli have been described (85) . Stable 
interactions with chaperonins may serve to maintain 
translocation-competent conformations in secreted proteins. 
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Mutations in GroES and GroEL cause defective export of a 
plasmid-encoded beta-lactamase from E. coli (86). This effect 
does not significantly affect translocation of other secretory 
proteins suggesting that GroEL interacts with substrates 
selectively in vivo. 
Studies of GroEL binding to and suppression of 
aggregation of non-native proteins in vitro and in vivo are 
numerous. Among the proteins whose interactions with GroEL 
have been investigated are Rubisco (87, 88), dihydrofolate 
reductase (DHFR) (89), citrate synthase (90), rhodanese (59, 
91, 92), yeast peroxisomal alcohol oxidase (93), plant 
ferredoxin-NADP+ oxidoreductase (94), pre-beta-lactamase (58, 
60), yeast alpha-glucosidase (95), mammalian mitochondrial 
branched-chain alpha-keto acid decarboxylase (57), and oat 
phytochrome (98) . Fluorescence studies of GroEL-bound DHFR 
and rhodanese show that the nonfolded protein conformation 
recognized by GroEL is similar to the "molten globule" or 
"compact intermediate" state (96). This is an early folding 
state characterized by its containing all or part of the 
secondary structure of the protein together with a relatively 
compact, but unordered, flexible tertiary structure that has a 
'molten' hydrophobic core. 
From these GroEL-binding studies, it is apparent that 
protein folding intermediates are able to form stable 
complexes with cpn60. The initial reaction involving 
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chaperoning in the folding pathway is the recognition and 
binding of unstable folding intermediates to form a complex. 
Complexing with cpn60 provides protection from aggregation for 
the otherwise labile folding intermediates. 
NMR studies with rhodanese have shown that GrdEh 
interacts with sequences in the non-native polypeptide 
corresponding to the N-terminal alpha-helix (27) . The 
peptide, which is unstructured when free in aqueous solution, 
adopts an alpha-helical conformation upon binding to GroEL. 
The investigators propose that cpn60 interacts with sequences 
in folding intermediates that have the potential to adopt an 
amphipathic alpha-helix and that the chaperonin binding site 
promotes formation of a helix. This hypothesis is supported 
by analysis of NMR spectra from a synthetic peptide bound to 
protein complexes from E. coli containing hsp60 and hsp70 
homologues which indicate very distinct conformations for the 
two complexes (97) . NMR analysis showed that the test peptide 
was maintained in an extended conformation while bound to DnaK 
(hsp70), but is arranged in an alpha-helical form when bound 
to GroEL (hsp60). Results from this study indicate that the 
mobility of the peptide backbone is reduced more by binding to 
DnaK, while side chains are more restricted in mobility when 
bound to GroEL. 
Folding intermediates can be released from GroEL by the 
hydrolysis of Mg-ATP but most proteins require the addition of 
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GroES for efficient recovery of the active native protein. It 
is generally thought that folding of intermediates takes place 
through several cycles of binding and release (55). 
X-ray crystallography studies of GroEL oligomers (98) 
suggested that the oligomeric molecule possesses sufficient 
plasticity to allow for large domain or subunit movements 
which could be important for the biological function of the 
molecule. As indicated above, GroEL has been shown to 
repeatably bind and release substrate. Presumably, the cyclic 
binding and release of partially unfolded substrate could 
require major conformational changes during each cycle. 
Recent electron micrographs have shown irregular stain-
excluding masses within the central cavity of the GroEL 
double-ring (61). These masses change size dependent upon the 
size of the bound substrate. This same study determined that 
GroES binds to one end of the GroEL double ring. When GroES 
is bound, half of the GroEL subunits are protected from 
proteolytic truncation of the ~50 C-terminal residues. 
Removal of this region resulted in an inhibition of ATPase 
activity similar in magnitude to the inhibition resulting from 
the binding of GroES to the GroEL oligomer. Conspicuous 
conformational changes at both ends of GroEL were evident 
under EM inspection of GroES/GroEL complexes. Presumably, 
these conformational changes prohibited the binding of a 
second GroES ring. A monoclonal antibody to a bacterial cpn60 
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epitope was able to abolish the ability of cpnlO to inhibit 
the ATPase activity of cpn60 (99). Electron microscopy was 
used to localize the binding site of the antibody on the 
bacterial cpn60 molecule to a site(s) at or near the end of 
the molecule. Antibody binding reduces the ability of cpnlO 
to interact productively with cpn60. 
A recent study supports the hypothesis that substrate 
binding occurs in the central cavity of GroEL (100). Gold 
clusters of 1.4 nm were crosslinked covalently to denatured 
dihydrofolate reductase (DHFR). Scanning electron microscopy 
revealed that in top views, the electron-dense gold was 
localized in the central regions of the GroEL double-ring 
complex. In side views, the gold was seen at the end portions 
of the cylinders. These observations are consistent with 
binding of denatured protein intermediates within the central 
cavity of the GroEL "double donut" complex. This binding 
location could provide a sequestered environment for multiple 
cycles of binding and release of folding intermediates until 
native conformation was achieved. Intermediates would be 
presented to multiple binding sites of surrounding monomeric 
members of the ring complex. Only one, or possibly two, 
substrate intermediates are bound to each GroE complex. 
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Mutational analyses of OrdEL and homologues 
Mutational studies of GroEL and yeast hsp60 have defined 
some structural regions that are either essential or 
dispensable for chaperonin function. A remarkably conserved 
carboxy-terminus motif is present in GroEL and several of the 
mitochondrial cpn60s. This motif consists of a string of 
repeated glycine and methionine residues. It has long been 
postulated that this motif is of functional importance. It 
has recently been shown, however, when the 16 C-terminal amino 
acid residues were truncated from the GroEL protein the 
chaperone activity of the complex was not significantly 
compromised (100, 101). It retained characteristic activity 
regarding the translocation of beta-lactamase across the cell 
membrane, interaction with GroES and propagation of GroEL 
dependent bacteriophages. A slight reduction in survival 
during stationary phase of growth and a decrease was observed 
in the rate at which ATP was hydrolyzed. Another finding 
worth noting was that elevated levels of wild-type GroEL can 
suppress a number of temperature-sensitive mutations of the 
DnaA gene but truncated GroEL could not rescue these 
mutations. Thus, retention of the C-terminal sequence of 
GroEL and related cpn60s while expendable for normal growth, 
might confer a selective advantage to cells that is sufficient 
to result in conservation of the motif. 
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Further mutational studies have focused on amino acid 
substitutions in other regions of the GroEL peptide. Amino 
acid substitutions of the Ala-2 residue weaken intersubunit 
interaction, thereby destabilizing the oligomeric structure of 
GroEL (102). This finding suggests that the N-terminus of 
GroEL is involved in intersubunit interactions. Another study-
determined that the substitution of Lys-3 with arginine or 
isoleucine similarly destabilizes the GroEL particle (103). 
Substitution of this absolutely conserved amino acid residue 
with glutamic acid completely blocks the formation of the 
GroEL particle. These results indicate that the N-terminus of 
the GroEL protein and (and by inference, based upon sequence 
conservation, the N-termini of the mature cpn60 proteins) is a 
crucial structural element for GroEL assembly. Assembly of 
the oligomeric protein is, of course, a necessary element for 
chaperonin function. 
Several spontaneous temperature sensitive groEL mutations 
were isolated which blocked or reduced the ability of E. coli 
to support the replication of bacteriophage lambda or T4 by 
affecting the viral particle assembly step (3). 
Characterization of these mutant alleles placed them into four 
classes based upon the five different amino acid residues 
which were altered (104). A comparison of the sequences of 
these mutations to many other GroEL homologues shows that the 
mutations in groEL codons 173 (Gly to Asp), 191 (Glu to Gly), 
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and 201 (Ser to Phe) result in changes in residues that are 
highly conserved among prokaryotes, lower eukaryotes, plant 
mitochondrial and plastid homologues, as well as human 
mitochondrial homologs. The groEL codons 337 (Gly to Asp) and 
383 (Ala to Thr) mutated are either Gly or Ala among the 
homologs and can therefore be considered as conserved residues 
also. Several of the mutations are located near to the 
proposed ATP-binding domain around position 180 (105) . If the 
ATPase activity of these mutant proteins are affected, their 
capacity to interact properly with unfolded protein 
intermediates might also be affected. One of the mutants 
altered at position 201 was purified and its activity 
characterized (106). It does have a lower ATP turnover than 
wild-type GrdEL, a modified structure and a reduced ability to 
support refolding of Rhodospirillum rubrum Rubisco. 
Chemical modification of the GroEL protein by sulfhydryl-
directed reagents resulted in a change in chaperonin's 
interaction with the mitochondrial enzyme rhodanese (91) . The 
modified cpn60 was able to form binary complexes with the non-
native protein but was unable to assist refolding upon 
addition of cpnlO and ATP. The chaperonin can therefore 
tolerate some structural changes without losing its ability to 
bind unfolded polypeptides, possibly indicating multiple 
binding surfaces. Modification of the cysteine residues 
affected only later steps in the mediation of protein folding. 
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The cysteine residues are not conserved among cpn60 family 
members (1). 
Protein import into mitochondria and chloroplasts 
Eukaryotic mitochondria and chloroplasts contain genetic 
information for only a subset of the polypeptides needed for 
their cellular activities. The remainder of these proteins 
are encoded by the nuclear genome and peptides must be 
transported to the appropriate compartments. Chaperone 60 
proteins are themselves in this group of imported organelle 
proteins. In order for proteins to move into mitochondria, 
they must be in an unfolded conformation (107). In yeast, 
members of the hsp70 family are thought to facilitate the 
unfolding of mitochondrial targeted precursor proteins, and/or 
stabilization of such precursors in a translocation-competent 
configuration (108). Several studies have established that 
many peptides destined for the mitochondrial matrix of yeast 
require the presence of the mitochondrial cpn60 oligomeric 
complex to assemble into active native proteins. For example, 
a temperature-sensitive mutation {mifA) in the HSP60 gene of 
yeast abolishes the ability of the cells to assemble 
functional ornithine transcarbamoylase within the 
mitochondrial matrix (109). At the non-permissive temperature 
the precursor peptide for this protein was imported to the 
proper compartment and normally processed to the mature size 
25 
peptide, but proper assembly did not occur. Transformation of 
the mutant cells with a wild-type copy of yeast hsp60 restores 
a normal phenotype. Assembly of a number of other 
mitochondrial multimeric protein complexes was also affected 
by the mif4 mutation at non-permissive temperatures. In mifA 
cells, the mutation in the hsp60 gene causes the 
macromolecular chaperonin 60 complex to denature at high 
temperature. Without functional chaperonin, at least some 
mitochondrial proteins are blocked in assembly. Depletion of 
functional hsp60 in the mitochondria of mif4 cells also 
prevents the assembly of newly imported wild-type hsp60 
subunits (110) . Therefore, a functional pre-existing hsp60 
complex is required in order to form new hsp60 oligomers. 
This is consistent with the biogenesis of mitochondria by 
growth and division of existing organelles rather than a de 
novo origin. 
Urea-denatured proteins imported into ATP-depleted 
isolated yeast mitochondria are found in physical associations 
with hsp60 complexes (15). Upon addition of ATP, proteins 
assumed more protease-resistant conformations, indicating that 
folding activities had resumed, and were subsequently released 
from the chaperonin complex. 
Studies in maize mitochondria have shown that newly 
synthesized mitochondrial-encoded proteins are found 
physically attached to the mt-cpn60 complex (14). In isolated 
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mitochondria capable of protein synthesis activity, a number 
of newly-synthesized mitochondrial proteins (including the 
alpha subunit of the Fl-ATPase) co-electophoresed, co-
sedimented and co-immunoprecipitated with the chaperonin 
complex. Addition of ATP released the bound proteins, and 
resulted in the dissociation of the chaperonin complexes. 
Similar studies in plastids have shown that cpn60 binds to the 
large subunit of Rubisco prior to assembly of the Rubisco 
holoenzyme (1). 
Whether chaperonin 60 binds to mitochondrial proteins 
destined for the inner membrane or intermembrane space is 
under debate. Two models describing the sorting of 
intermembrane mitochondrial proteins are proposed (111, 112) . 
The conservative sorting model of protein sorting to the 
mitochondrial intermembrane space proposes that such proteins 
are first imported into the matrix and then transported back 
across the inner membrane in a manner similar to that of 
prokaryotic secreted proteins. This model predicts that 
processing intermediates of such proteins might be found in 
the matrix and in association with chaperonin complex. The 
stop-transfer model of protein import proposes that peptides 
destined for the intermembrane space are arrested after 
passage of the mitochondrial targeting presequence through the 
inner membrane. This presequence is cleaved and the remainder 
of the polypeptide would then continue to cross the outer 
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membrane, moving directly into the intermembrane space. This 
model would predict that processing intermediates would not be 
found in the mitochondrial matrix and of course would not be 
found in association with chaperonin complexes. Data in 
support of both of these models have recently been reported 
(12, 113). Very recent findings (114) indicate that a number 
of mitochondrial matrix-targeted proteins synthesized in cells 
depleted of functional hsp60 complex show buildup of precursor 
forms and accumulate in the mitochondria as insoluble 
aggregates. In contrast, several mitochondrial proteins 
normally targeted to the intermembrane space show normal 
processing in the absence of any functional hsp60 complex. 
Similar results were found at non-permissive temperatures with 
several temperature sensitive mutant alleles of yeast hsp60. 
These data indicate that, at least for the cytochrome b2 and 
cytochrome cl intermembrane proteins examined, hsp60 does not 
play an essential role in intermembrane/matrix protein 
sorting. 
Plastid chaperonin 60 also associates with several 
proteins newly imported into or newly synthesized by plant 
chloroplasts (115). Association with cpn60 complex is 
observed with the large and small subunits of Rubisco, the 
beta-subunit of ATP synthase, glutamine synthetase, the light-
harvesting chlorophyll a/b binding protein, chloramphenicol 
acetyltransferase, and pre-beta-lactamase. Two other imported 
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proteins, ferredoxin and superoxide dismutase showed no 
association with chaperonin complex. Similar to GroEL and 
mitochondrial cpn60s, plastid chaperonin association with 
imported proteins is not ubiquitous but is clearly important 
in the assembly of a number of imported proteins. 
Sunnnary 
The presence of chaperonin 60 complexes does not 
significantly increase the rate of refolding of target 
proteins. However, by inhibiting aggregation and providing a 
sequestered folding environment they do have the potential to 
increase the total amount of properly folded protein in the 
cell. Stress conditions, such as heat shock, which would 
destabilize folding intermediates and cause aggregation, 
frequently trigger increases in the amounts of bacterial and 
mitochondrial cpn60 present in cells. This increase in the 
concentration of chaperonins complex may serve to facilitate 
cell survival and recovery from such environmental challenge. 
Table 1; Heat Shock Protein/Molecular Chaperone Families 
Family Bacterial. Eukaxyotic Eukaxyotic compartment Function 
sane gene 
HSPllO Hspl04 Nucleolus Protection of ribosome 
HspllO assembly. Thermotolereince in Yeast. 
HSP90 HtpG Hsp90 Cytosol Binds unfolded 
Hsp82 polypeptides and 
hsc82 either silences 
function (i.e. 
steroid receptor 
proteins) or aids 
folding and transport. 
Regulation of gene 
expression 
HSP70 DnaK Hsc70 cytosol Protein folding and 
BiP/Kar2/Grp78 Endomembrane transport. Unfolding of 
Ssclp mitochondria partially folded 
Hsc70 chloroplasts polypeptides. Disaggregation of 
protein aggregates. 
HSP60 GroEL hsp60/mt-cpn60 mitochondria Binding to folding 
ct-cpn60 cbloroplast intermediates and 
release following ATP 
TF55 Tcpl cytosol hydrolysis. 
iSulfolobus) 
LMW HSPs . UOrl hsp hsp22-28 (animals) cytosol mHNA storage and protection 
{Mycobacteriim) hspl7/18 (plants) Important role in 
hsp26 (yeast) thermoprotection of plant 
hsp21/22/26(plants) chlor oplas ts cells. 
hsp22(plants) endomembrane 
References: (30), (37), (38), (31), (46), (9), (24) and (32) 
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3. CLONING AND CHARACTERIZATION OF cDNA CLONES FOR TWO MAIZE 
MITOCHONDRIAL CPN60 GENES 
Introduction 
The major objective of this work was the identification 
and characterization of the gene(s) encoding maize 
mitochondrial cpn60 protein. In this chapter, I describe the 
identification, cloning and sequence of cDNA clones encoding 
mt-cpn60. Two different poly-adenylated cDNAs were identified, 
indicating the presence of at least two genes for 
mitochondrial cpn60 in the maize genome. The nucleotide 
sequences of the cDNA clones were determined and found to be 
highly homologous to each other and to GroEL from E.coli, and 
the hsp60s of yeast and humans. 
Materials and Methods 
Cloning methods 
Cloning methods and strategies described below apply to 
most of the work in this chapter and the following chapters. 
Protocols unique to any particular experimental procedure 
will be described in a separate section in each respective 
chapter. 
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DNA isolations Plasmid DNA was prepared from E. coli 
extracts using cesium chloride density gradient 
centrifugation (116) or with Nucleobond X-100 columns® 
(Machery-Nagel). The lysis method used was a modification 
of the alkaline lysis procedure of Birnboim and Doly (117) . 
Smaller scale (mini-prep) DNA preparations were made 
according to the alkaline lysis procedure of Birnboim and 
Doly (117). DNA from bacteriophage lambda clones was 
isolated according to the protocol of Chisholm (118). 
Single stranded DNA for sequencing reactions was 
isolated using the M13K07 helper phage by the methods of 
Vieira and Messing (119). 
Vector construction Restriction endonuclease-
digested plasmid DNA was size-fractionated by 0.8% agarose 
gel electrophoreses in TEE (45 mM Tris-borate, 1 mM EDTA, pH 
8.0) or TAB (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) and 
stained with ethidium bromide (116). Fragments of 
appropriate size were cut from the gel and DNA isolated by 
either electroelution or extraction with warm 
phenol/chloroform as described by Sambrook et al. (116) or 
with the Gene Clean® reagent kit (Bio 101) (120) . Ligation 
of DNA fragments into cloning vectors was achieved by 
following either the hexamine cobalt chloride-mediated 
protocol of Rusche (121) or the procedure of Sambrook et al. 
(116). The preparation of E.coli host bacteria cells 
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competent for plasmid transformation, and transformation of 
prepared competent cells was performed as described by 
Hanahan (122). Host cells containing the plasmids of 
interest were selected on LB media containing 50 |J,g/ml 
ampicillin. Each LB agar plate was spread with 40 |Xl of a 
solution of 20 mg/ml X-gal (5-bromo-4-chloro-3-indoyl-^D 
galactoside) in dimethylformamide (116). White colonies of 
single cell origin were selected following an overnight 
incubation at 37 °C. 
Table 2 lists all constructs used in the experiments 
described in this chapter. 
Sequencing atrateav for cpn60I 
Bal31 Nested Deletions of cpn60la A partial maize 
hsp60-homologous cDNA clone of 1.5 kb (cpnGOIa) was obtained 
from R.L. Hallberg. This clone was isolated by screening a 
Xgtll cDNA expression library from Zea mays W22 (Clontech 
Labs, Inc.) with antiserum raised against maize 
mitochondrial hsp60 protein and with antiserum raised 
against highly purified mitochondrial hsp60 protein from 
Saccharomyces cerevisiae. We have designated the isoform 
of cpn60 encoded by this sequence cpn60I. The 1.5 kb EcoRI 
fragment of cpnSOla was cloned into the EcoRI site of the 
yeast shuttle vector YEp356 (123) in both orientations 
(determined by Rsal restriction patterns). The insert was 
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also cloned into pUCllS in the opposite orientation to that 
in cpn60la. DNAs of construct cpnGOlai and construct 
cpn60Iaii were linearized with the restriction endonuclease 
Pstl which cuts within the multiple cloning site of the 
vector but not within the cDNA sequence. Limited digestion 
with the nuclease BaI31 (124, 125) yielded a collection of 
DNA fragments of varying lengths. Reactions were terminated 
at timed intervals by addition of EGTA to 20 mM on ice and 
subsequent heating at 65°C for 10 minutes. The ends of the 
digested DNA molecules were filled in with the Klenow 
fragment of DNA Polymerase I and a mixture of 
deoxynucleotides to achieve blunt ends as described in 
Sambrook, et al. (116). A Psfcl-linker oligonucleotide 
(Promega) was used to join the blunt ends together. The 
resulting deletion derivatives of the cpn60lai and cpn60Iaii 
plasmids were transformed into E. coli strain TF-1 (U.S. 
Biochemical Corp.). Plasmid DNA was prepared from several 
isolates and restricted with Pstl and EcoRl restriction 
endonucleases. The resulting cpn60I cDNA inserts were of 
various sizes. DNA fragments of the desired sizes were 
ligated into pUCllS and transformed into the E. coli host 
cell line TF-1. Single stranded DNA was prepared from these 
strains and nucleic acid sequence determined in both 
directions. 
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Secmencina of cpn60Ia The nucleotide sequence of 
single stranded DNA was determined using the 
dideoxynucleotide chain termination (126) method and 
Sequenase® Version 2.0 (U.S. Biochemical Corp.) with dATP-
§35, The Ml3 universal primer was used to prime the 
sequencing reactions. Sequencing reactions were run at 1500 
volts on a 6% denaturing polyacrylamide gel (116). Gels were 
dried under vacuum and used directly for autoradiography 
(118) . 
cDNA library screening 
Lambda library plating An amplified cDNA library 
from green 2-week old shoots of B73 maize was obtained from 
Alice Barkan (Univ. of Oregon). This library was 
constructed in vector Lambda ZapII (Stratagene). E.coli 
host bacterial cells competent for lambda infection were 
prepared as described by Sambrook, et al. (116). 6 x 10$ 
pfu's from the library were used to infect E.coli host 
bacterial strain XLl-Blue (Stratagene), plated in an NCZYM 
top agarose matrix on NCZYM agar (116) and incubated at 37°C 
for 16 hours. Nitrocellulose filters (S&S BA85, Midwest 
Scientific, St. Louis, Mo.) were used for plaque lifts . 
Filters were depurinated, denatured and neutralized as 
described by Sambrook, et al. (116). Filters were baked 1 
hour at 80°C under vacuum and incubated in pre-hybridization 
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solution (4 X SSC, 5 X Denhardt's reagent, 25 mM sodium 
phosphate pH 7.0, 0.5 % SDS and 100 |ig/ml denatured 
sonicated salmon sperm DNA) for 5 hours at 65°C before 
hybridization to a radiolabeled DNA probe. 
Radiolabeled DNA probe preparation DNA fragments 
were isolated from plasmid vectors by digestion with 
appropriate restriction endonucleases, fractionated on TBE 
agarose gels and purified by Gene Clean®, as described 
previously. The nucleotide fragments were denatured by 
heating for 5 minutes at 98°C. dATP-P^^ radiolabeled probes 
were made using the random hexamer priming method (127) . 
Labeled probe was isolated by passing the labeling mixture 
over G-50 Sephadex packed columns (128). 1 pi of both 
labeling mixture and purified probe were counted in a 
scintillation counter to determine the efficiency of 
radiolabeled nucleotide incorporation. 
Library screening and mt-cpn60 clone identification 
Filters were screened with radiolabeled portions of cpnGOIa 
(inserts from cpn60Iaii, iii, and iv; Table 2) to identify 
new cpn60-homologous cDNA clones. Radiolabeled probe was 
denatured at 98 °C for 5 minutes and added to 15 ml of 
hybridization solution (5 X SSC, IX Denhardt's solution, 15 
mM Sodium phosphate pH 7.0 and 100 )Lig/ml denatured, 
sonicated salmon sperm DNA). Filters were incubated in 
hybridization solution overnight at 65°C. Hybridization 
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solution was removed and membranes were washed twice in IX 
SSC, 0.1% SDS for 20 minutes (25°C) , followed by two 30 
minute washes at 65°C in O.IX SSC, 0.1% SDS. Filters were 
blotted dry and used for autoradiography. 
Plague purification Plaques hybridizing to the 
labeled probe were identified. Agar plugs containing the 
hybridizing plaques were incubated in 1 ml SM buffer (116) 
for 3 hours, shaking at 25°C. Lysate from this isolation 
was incubated with XLl-Blue host cells as described above 
and re-plated. Rounds of plating and re-screening with the 
radiolabeled probes were repeated until single pure plaques 
containing sequence specifically hybridizing to the 
radiolabeled probe were identified. Agar plugs containing 
pure plaques were incubated in SM buffer as described above 
and the lysate used to inoculate XLl-Blue cells for DNA 
isolations and in vivo excisions. 
çpwft clQuAng 
In vivo excision Ml3mpK07 helper phage 
(Stratagene) were used to facilitate in vivo excision of the 
pBluescript SK- plasmids containing the cDNA inserts from 
the Lambda Zap II phagemids according to the procedure of 
Short, et al. (129). Miniprep DNA was prepared from these 
plasmid clones as described above. Plasmid DNA was 
restricted and analyzed by agarose gel electrophoresis to 
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confirm clone identity, size and relatedness to each other. 
Confirmed plasmid clones were used for generating sequence 
information. 
Sequencing strategy for newlv isolated cDNA 
clones 
Exonuclease III nested deletions Nested deletions 
of clones cpnGOIb and cpn60IIa (Table 2) were generated in 
both orientations with Exonuclease III (Stratagene) (13 0). 
Digested plasmids were filled in with the Klenow fragment of 
DNA Polymerase I (116) and ligated to form closed circular 
DNA molecules. Ligated plasmids were introduced into 
transformation competent DH5a E. coli cells. Single 
stranded plasmid DNA was prepared from those clones 
containing inserts of desired lengths, and used for 
sequencing reactions. 
Sequencing cDNA clones Nucleotide sequence data was 
obtained for the intact and nested deletion clones of 
cpn60Ib and cpn60lla. Duplicate overlapping sequence data 
were obtained for both strands of cpnSOlb and cpnSOlIa cDNA 
clones. Sequence information for regions of the cDNA 
molecules for which usable nested deletions could not be 
obtained using ExoIII digestion or conventional subcloning, 
was obtained using synthetic oligonucleotide sequencing 
primers. The desired sequence of the synthetic 
38 
oligonucleotide primers were determined from preliminary 
sequence information obtained using the Ml3 Universal 
sequencing primer and the Reverse sequencing primer. These 
primers were used to prime sequencing reactions of the cDNA 
clones. Primary nucleotide sequence data were generated by 
the DNA Core facility of University of Iowa and The Nucleic 
Acid facility of Iowa State University using a modification 
of the dideoxy chain termination method (126) for automated 
sequencing (131). 
Computer-aided sequence analyses 
Primary sequence analyses Raw sequence data for 
intact and nested deletion clones of cpnSOIb and cpn60lla 
were compiled and aligned into a complete sequence with the 
assistance of the GCG (Genetics Computer Group-Madison, WI) 
software program. GCG program analyses were also used to 
construct comparisons of nucleotide sequence. 
Protein secondary structure analyses GCG software 
programs aided in the identification and translation of open 
reading frames for both cpnGOIb and cpnGOIIa. 
Identification of amphipathic helical arrangements of amino 
acid residues at the amino termini of the complete cpnSOI 
and II peptides were made with the assistance of the GCG 
helical wheel program. 
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Results 
Identification of two distinct oDNA'a for 
mitochondrial cpn60 
A partial maize hsp60-homologous cDNA clone of 1.5 kb 
(cpnSOIa) was obtained from R.L. Hallberg. This 1.5 kb 
cpn60la BcoRI fragment was mapped with restriction enzymes 
and sequenced. The organization of this clone is illustrated 
in Figure 1. The insert was determined to be 1489 base 
pairs in length. The 3' end of the coding sequence was 
determined to lie within the 0.46 kb. Hind III fragment. 
This 1.5 kb cDNA clone does not contain the entire coding 
region of maize hsp60. A messenger RNA coding for the 62 
kDa maize hsp60 protein should be at least 2.0 kb in length. 
The sequence of cpnSOla begins at a point approximately 28% 
into the coding portion of the molecule. Portions of this 
cpnGOIa cDNA clone were used as radiolabeled probe to 
isolate new cpn60-encoding cDNAs from a maize B73 cDNA 
library. Three positive cpn60 clones were isolated and 
subcloned by in vivo excision using M13mpK07 helper phage 
(Stratagene). 
Two clones which differed in their internal restriction 
maps were sequenced and found to contain 2167 bp and 1736 bp 
inserts, respectively. A comparison of the nucleotide 
sequence of the two cDNA clones is shown in Figure 2. The 
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2167 bp clone contained a 1728 nucleotide open reading frame 
corresponding to an encoded protein of 576 amino acids 
(Figure 3). We have designated this cDNA sequence cpn60ll. 
The 1736 bp cDNA encoded a truncated cpn60I sequence. The 
complete cpn60l coding sequence was determined from 
comparison of the cDNA with the cpn60I genomic sequence 
(Chapter 5). Figure 4 diagrams the organization of the cDNA 
clones. 
Sequence comparisons between two cpnSO cDNAa 
Two distinct cDNAs for maize mitochondrial cpn60 have 
been identified. The amino acid sequence of the cpn60ll 
open reading frame differs from cpn60I by only 10 residues 
scattered throughout the peptide sequence (Figure 5). Most 
of the substitutions are conservative changes. The DNA 
sequences of maize cpn60l and cpn60ll cDNAs show 92% 
homology overall, but their 3' untranslated regions are only 
66% homologous. cpn60ll shows greater than 54% amino acid 
sequence identity with E. coli GroEL and mitochondrial 
cpn60s from yeast and human. 
N-terminal structure predictions 
Mitochondrial targeting pre-sequences facilitate the 
transport of nuclear-encoded proteins to the correct 
mitochondrial compartment (132). cpn60 (hsp60) mature 
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protein is localized in the mitochondria matrix in yeast and 
in maize. Known mitochondrial pre-sequences share little 
primary sequence homology but have secondary structure 
components in common (133). One such component is the 
ability to form an amphipathic helical structure (134) . 
Such helices contain a high number of basic residues and a 
marked absence of acidic residues. The helix is arranged so 
that one side is of hydrophobic nature while the other side 
is charged (or hydrophilic) in character. Computer-aided 
helical wheel plotting analyses indicate that the first 18 
amino acids of cpn60II and cpn60I can be arranged in an 
amphipathic helix typical of mitochondrial presequences 
described in the literature (Figure 6). The N-terminal 
amino acid sequence of cpn60I was determined from the 
genomic sequence described in Chapter 5. 
Summary 
Two distinct polyadenylated cDNA's encoding two 
isoforms maize mitochondrial chaperonin 60 (cpn60I and 
cpn60ll) have been identified and sequenced. cpn60II is a 
full length cDNA. A partial cpn60I cDNA has been 
identified. The maize cpn60 cDNAs that have been identified 
are poly-adenylated and are therefore likely•to be nuclear 
genes. Chapter 4 will specifically address questions of 
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genomic organization and gene copy number. A cpn60I cDNA 
sequence has recently been reported independent from this 
work by Prasad and Stewart (49). 
Plant genomes also contain genes for the Rubisco 
binding protein or plastid chaperonin 60. These proteins 
are localized in the chloroplasts. Two isoforms of 
chloroplast chaperonin 60 (a and P) have been found in 
plastids of Brassica napus (105) and Arabidopsis thaliana 
(57). Maize mitochondrial cpn60l and II are more closely 
related to each other (97% homologous) than are the a and P 
Brassica plastid isoforms (49% homologous). However, the 
plastid cpn60P family in Arabidosis is reported to have at 
least two members which are highly related (97% homologous). 
Sequence divergence is higher between the plastid and 
mitochondrial cpn60 sequences than is found in comparisons 
among mitochondrial cpnSO's, plastid cpn60a's and plastid 
P's alone. Maize mt-cpn60II and yeast hsp60 show 58% 
identity and 75% similarity in amino acid sequence. 
Arabidopsis mt-cpn60 shares 88 and 89% amino acid sequence 
identity respectively with maize cpn60I and II. The B. 
napus and A. thaliana plastid cpn60P's share greater than 
96% identity at the amino acid level. Homology between B. 
napus and A. thaliana plastid cpn60a's is also greater than 
96%. a and p isoforms however, show only 68 to 69% identity 
with each other in intra-specific comparisons. Homology 
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between maize mt-cpn60II and Arabidopsis and Brassica 
plastid cpn60a and (3 isoforms is approximately 66% in 
comparisons of the mature peptide sequence. Homology drops 
to approximately 46% when the entire peptide sequences are 
compared. 
Evidence that the cDNAs isolated in these experiments 
encode mitochondrial cpn60 is as follows: 1) The antibodies 
to the maize mitochondrial cpnSO protein used to identify 
the original cDNA clone have been demonstrated to react 
specifically with maize mitochondrial protein fractions, not 
with cytosolic or chloroplast protein fractions (16); 2) 
Partial sequence analyses of isolated maize mitochondrial 
cpn60 peptide fragments matches the amino acid sequence of 
the open reading frames of cpn60 cDNAs (Personal 
communication, R.L. Hallberg). 
The two genes are highly homologous for both nucleotide 
sequence and the amino acid sequence of the open reading 
frames. Analyses of primary amino acid residue sequence at 
the amino-termini of the two cpn60 proteins suggest the 
presence of an amphipathic helical motif typical of 
mitochondrial targeting presequences in plant, animal and 
fungal species. This is consistent with the identification of 
the cpn60 protein as a component of the mitochondrial matrix 
in maize. 
Figure 1: Restriction map of cpn60Ia cDNA clone. Subcloned 
fragments are illustrated 
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ii 1 ggcacgagccgtcccccacctcctcgccgcctcgcatcctttccccctcc 
ii 51 gcaagaaagaaagcgaagcaactctccgccgcctccattcctccacagcc 
ii 101 cacaccaaccaaacctctcgccgacaacagcctcggtccccgcgccacca 
ii 151 tccgcaatcMSTACCGCGCGGCCGCTAGCCTCGCCTCCAAGGCGCGGCA 
ii 201 AGCCGGGAGCAGCTCCGCCGCTCGCCAGGTTGGAAGCAGGCTTGCCTGGA 
ii 251 GCAGGAACTATGCTGCCAAGGACATCAAGTTTGGTGTTGAGGCCCGTGCT 
ii 301 CTGATGTTGAGGGGTGTTGAGGAGTTGGCAGACGCTGTCAAAGTGACAAT 
ii 351 GGGTCCTAAGGGGCGCAATGTGGTTATTGAGCAAAGCTTCGGTGCACCGA 
I I I !  
1 1 CCGA 
ii 401 AAGTCACAAAGGATGGTGTGACTGTTGCGAAGAGCATTGAATTTAAGGAT 
I M I M I I I I I M I I I M I I I I I I I  I I  I I M N I I I I I I I M I I I I M  
i 13 AAGTCACAAAGGATGGTGTGACTGTAGCAAAGAGCATTGAATTTAAGGAT 
ii 451 AGAGTAAAGAATGTTGGTGCGAGCCTTGTGAAACAGGTTGCTAATGCAAC 
n i l  m i l  I I I I  m i l  I I  m m  M l  I I I  m m  m m i  I N I  
i 63 AGAGTAAAGAATGTTGGTGCAAGCCTTGTGAAACAGGTTGCTAATGCAAC 
ii 501 TAATGACACTGCTGGTGATGGTACCACATGTGCTACTGTTTTGACAAAAG 
i i i m i i i i i i i i i  m m m m m i i  m m m m m i  
i 113 TAATGACACTGCTGGCGATGGTACCACATGTGCCACTGTTTTGACAAAAG 
ii 551 CAATATTTACTGAGGGGTGCAAATCTGTTGCGGCTGGAATGAATGCAATG... 
i i i i i i i m i m i i i i m i i i i i i i i i i i i i m i i i i i i i i i i i i i  
i 163 CAATATTTACTGAGGGGTGCAAATCTGTTGCGGCTGGAATGAATGCAATG... 
Figure 2 : Nucleotide sequence and comparison of cDNA clones 
cpn60IIa and cpn60Ib. Sequence of cpn60IIa is 
designated ii and cpn60Ib is designated i. 
cpn60II encodes the full length cpn60II peptide. 
The amino acid sequence is presented in Figure 3. 
cpn60I is missing approximately 350 bp of 
5'coding sequence. The two clones are 95% 
identical in the coding regions but diverge to 
less than 66% identity in the 3' untranslated 
regions 
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ii 601 GATTTAAGGCGTGGAATCTCAATGGCTGTTGATGCTGTTGTGACCAATCT 
M I I M I M M  I M I I I M I I M M M M I I  I M I M M M I I I I M I  
i 213 GATTTAAGGCGCGGAATCTCAATGGCTGTTGACGCTGTTGTGACCAATCT 
ii 651 GAAGGGCATGGCCAGAATGATTAGCACTTCAGAAGAAATTGCACAGGTGG 
I I I  M I I I I I M I I I I I I I I  M I I I I I I I I I I I I I I I I I I I I M I I I I  
i 263 GAAAGGCATGGcCAGAATGATCAGCACTTCAGAAGAAATTGCACAGGTGG 
ii 701 GTACAATATCAGCAAATGGAGAAAGGGAAATTGGTGAGCTTATTGCCAAG 
M M I I I I I I I I I I I I I M  I I M I I I I M I I I I I M I I I I I I I I I I I I I  
i 313 GTACAATATCAGCAAATGGGGAAAGGGAAATTGGTGAGCTTATTGCCAAG 
ii 751 GCTATGGAGAAGGTTGGCAAAGAGGGTGTGATCACTATTGCGGATGGCAA 
I I I M I I I I I I I I I I I M I I M I I I M M  I I M M I M I I I I I  I I  I I  
i 363 GCTATGGAGAAGGTTGGCAAAGAGGGTGTCATCACTATTGCGGACGGTAA 
ii 801 CACCCTTTATAATGAGCTTGAAGTTGTGGAGGGTATGAAACTTGACAGAG 
M M I I I M I I I I I I I M M I I M I M I I I I I I I I I M M M  l l l l l l l  
i 413 CACCCTTTATAATGAGCTTGAAGTTGTGGAGGGTATGAAACTAGACAGAG 
ii 851 GTTACATCTCTCCGTACTTCATTACCAACTCAAAAGCCCAGAAATGTGAA 
I I I I M I I I I I I I I I I I I I I I I I M I I I I I I I I I I  I M I I I M M I I I I  
i 463 GTTACATCTCTCCGTACTTCATTACCAACTCAAAAACCCAGAAATGTGAA 
ii 901 CTGGAAGACCCATtGATCTTAATTCATGACAAGAAAGTGACAAATATGCA 
M I I I M M I M M I M I M I I I I I I I I I I I M M  I I  I I  I I  M i l l  
i 513 TTGGAAGACCCATTGATCTTAATTCATGACAAGAAGGTTACGAACATGCA 
ii 951 TGCTGTGGTTAAGGTTTTAGAAATGGCTCTAAAGAAACAAAGGCCTCTAC 
I I I I I I I I I I I I I I I I I I I I M I I I I I I I I  I I I I I I I M I  I M I I I I I  
ii 563 TGCTGTGGTTAAGGTTTTAGAAATGGCTCTGAAGAAACAAAAGCCTCTAC 
ii 1001 TGATTGTTGCAGAAGATGTGGAAAGTGAAGCATTAGGTACTCTGATTATT 
I I M I I I I M I I I I I I I I I I I I I I M I I I I I I I I  I I  I I I  I M I I I I I  
i 613 TGATTGTTGCAGAAGATGTGGAAAGTGAAGCATTGGGCACTTTGATTATT 
ii 1051 AACAAGCTTCGTGCAGGCATCAAGGTCTGTGCTGTCAAAGCTCCTGGTTT 
M M M M M M M I M I M M I M M M I M M M M M M M M M M  
i 663 AACAAGCTTCGTGCAGGCATCAAGGTCTGTGCTGTCAAAGCTCCTGGTTT 
ii 1101 TGGGGAAAACAGGAAGGCAAACTTACAGGACCTCGCTATCCTTACCGGAG. 
M M M M I M M M M I M M M I M M I M I  M  M M M M  I I I I  
i 713 TGGGGAAAACAGGAAGGCAAACTTACAGGACCTTGCAATCCTTACTGGAG. 
Figure 2 (continued) 
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ii 1151 GAGAGGTAATAACTGAAGAGCTAGGAATGAACCTTGAGAATGTTGAGCCT 
^  I I M I I I M M I I I M I I I  I M I I I I I I I I M I I I I M i l  M M M M  
1 763 GAGAGGTAATAACTGAAGAACTAGGAATGAACCTTGAGAATTTTGAGCCT 
ii 1201 CACATGCTGGGTTCATGCAAAAAGGTGACTGTCTCTAAGGATGACACTGT 
I M M M I M I I  I M I I I I I M I I M M I M M I I I I I I I M M I I I I I  
1 813 CACATGCTGGGTACATGCAAAAAGGTGACTGTCTCTAAGGATGACACTGT 
ii 1251 TATTCTTGATGGCGCTGGAGACAAAAAGTCTATTGAAGAGAGGGCAGACC 
M I I I I I M I I I  I I  M M M M  M i l l  M I M M M M M M M  I  
i 863 TATTCTTGATGGAGCCGGAGACAAGAAGTCCATTGAAGAGAGGGCAGAGC 
ii 1301 AGATTAGATCAGCAGTTGAGAACAGCACTTCAGATTATGACAAGGAAAAG 
M M M M M M M  M M I M  M M M M M M M M I  M M M M I  
1 913 AGATTAGATCAGCAATTGAGAATAGCACTTCAGATTATGATAAGGAAAAG 
ii 1351 CTCCAGGAACGGTTGGCAAAGCTCTCTGGAGGTGTTGCTGTTCTGAAGAT 
M M M M  M M M I M M  M  M  M  M  1 1  M  M  I  M  M  M  I  M  I  M  M  
i 963 CTCCAGGAGCGGTTGGCAAAACTCTCTGGAGGTGTTGCTGTTCTGAAGAT 
ii 1401 TGGAGGAGCCAGCGAAGCAGAAGTTGGTGAGAAGAAGGATAGAGTGACAG 
M l  M i l l  M M M M M M M M M M M M M M M M M M M M  
i 1013 TGGgGGAGCTAGCGAAGCAGAAGTTGGTGAGAAGAAGGATAGAGTGACAG 
ii 1451 ATGCACTGAATGCTACTAAAGCTGCTGTTGAAGAGGGCATTGTACCAGGT 
M M M M M M M M M M M M M M M M M M I  M M M M M M  
i 1063 ATGCACTGAATGCTACTAAAGCTGCTGTTGAAGAGGGTATTGTACCAGGT 
ii 1501 GGTGGTGTTGCTCTTCTCTATGCATCGAAGGAGCTCGATAAGTTGCAGAC 
M M M M M M M M M M M M M M M M M I  M i l l  M M M M  
i 1113 GGTGGTGTTGCTCTTCTCTATGCATCGAAGGAGCTTGATAAATTGCAGAC 
ii 1551 AGCAAATTTTGATCAGAAGATTGGTGTGCAAATCATTCAGAATGCTTTGA 
M l  M  M  M M M M M M M M M M M M M M M M M M M M  
i 1163 AGCGAACTTCGATCAGAAGATTGGTGTGCAAATCATTCAGAATGCTTTGA 
ii 1601 AGACACCTGTACACACCATTGCCTCCAATGCTGGGGTGGAGGGAGCAGTA 
M M M M M M M M  M  M  M  M  I  M  M  M  I  M  I  M  M  M  M  M  M  M  
i 1213 AGACACCTGTACACACAATTGCCTCCAATGCTGGGGTGGAGGGAGCAGTA 
ii 1651 GTTGTGGGCAAGCTTTTGGAGCAAGGAAACACTGACCTTGGTTATGATGC. 
M i l l  M  M M M M M M M M  M l  M M M M  M M M I M M  
i 1263 GTTGTAGGAAAGCTTTTGGAGCAAGAAAATACTGACCTGGGTTATGATGC. 
Figure 2 (continued) 
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i i 1701 TGCTAAAGACGAATACGTTGACATGGTGAAGGCTGGTATCATTGATCCGC 
.  M M I I I I  m i l  I I I I I M I I M M M  I  I I I I I I I I I N  M M  
1 1313 TGCTAAAGGTGAATATGTTGACATGGTGAAGACCGGTATCATTGACCCGC 
ii 1751 TAAAGGTCATCAGAACTGCATTGGTGGATGCTGCTAGTGTGTCGTCCCTG 
_  M l  M M  M M I M M M  M  I  M  M  M  M  M  1 1  M  I  M  I  M  I !  M  M  I  
i 1363 TAAAGGTTATCAGAACTGCTTTGGtGGATGCTGCTAGTGTGTCGTCCCTG 
ii 1801 ATGACCACCACGGAATCCATAATTGTAGAGATCCCCAAGGAAGAGGCACC 
M i l l  M M M M M M M M M M M M M  I M M M M M M M M  
1 1413 ATGACAACCACGGAATCCATAATTGTAGAGATTCCCAAGGAAGAGGCACC 
ii 1851 GGCTCCAGCAATGGGT. . . GGCATGGGTGGAATGGATTACTAA. . . gtgt 
M M M M M M M M  I M M I M M I  M I M M M M I  I  
i 1463 GGCTCCAGCAATGGGTGGCGGCATGGGTGGCATGGATTACTMtgcatca 
ii 1895 caagcacaccca 
M  M M  M  
1 1513 cacccacatacacatcaatgcaggtttttttttagcggtgaagttcatct 
ii 1907 cgatacaacaacatcaaagcag agatgacg 
M  I  M l  M M  I  I  M i l l  I  
1 1563 tcactgtttagcggtgcaagttcatctctactgtattttgttcgatgatg 
ii 1937 aggtggttgtcaggaggatacaattttgaggctgcggacgtaggacctca 
M M M M M M M  M M M I  M M M I  M  I  M  1 1  M  1 1 1  M  M  I  M  
1 1613 aggtggttgtcaggcggatacagttttgagtctgcggacgtaggacctca 
ii 1987 ....atatctccaaacaataataaaaaaataataaacataaacaataatt 
I I I  I I  M M M I  I  I  M M I I M  M M  M M M M  
i 1663 caatagttccaaacggaatagtgtgagaatââtaaâtatgaacagtagtt 
ii 2033 gtttgagatctgaagctgtagatcaagattggattctgacaccttgtgct 
M M M I  M  I  I  
1 1713 ctttgagaaaaaaaaaaaaaaaaa 
ii 2083 gaaccaagtgtagtctgattattacacattttttggctgagtaaaatcgg 
i 2133 attgccgttctgtttaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
Figure 2 (continued) 
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1 ggcacgagccgtcccccacctcctcgccgcctcgcatcctttccccctccgcaagaaaga 60 
61 aagcgaagcaactctccgccgcctccattcctccacagcccacaccaaccaaacctctcg 120 
121 ccgacaacagcctcggtccccgcgccaccatccgcaatcATGTACCGCGCGGCCGCTAGC 180 
M Y R A A A S 
181 CTCGCCTCCAAGGCGCGGCAAGCCGGGAGCAGCTCCGCCGCTCGCCAGGTTGGAAGCAGG 240 
L A S K A R Q A G S S S A A R Q V G S R  
241 CTTGCCTGGAGCAGGAACTATGCTGCCAAGGACATCAAGTTTGGTGTTGAGGCCCGTGCT 300 
I , A W S R N Y * A A K D I  K F G V E A R A  
301 CTGATGTTGAGGGGTGTTGAGGAGTTGGCAGACGCTGTCAAAGTGACAATGGGTCCTAAG 360 
L M L R G V E E L A D A V K V T M G P K  
361 GGGCGCAATGTGGTTATTGAGCAAAGCTTCGGTGCACCGAAAGTCACAAAGGATGGTGTG 420 
G R N V V I  E Q S F G A P K V T K D G V  
421 ACTGTTGCGAAGAGCATTGAATTTAAGGATAGAGTAAAGAATGTTGGTGCGAGCCTTGTG 480 
T V A K S I E F K D R V K N V G A S L V  
481 AAACAGGTTGCTAATGCAACTAATGACACTGCTGGTGATGGTACCACATGTGCTACTGTT 540 
K Q V A N A T N D T A G D G T T C A T V  
541 TTGACAAAAGCAATATTTACTGAGGGGTGCAAATCTGTTGCGGCTGGAATGAATGCAATG 600 
L T K A I F T E G C K S V A A G M N A M  
601 GATTTAAGGCGTGGAATCTCAATGGCTGTTGATGCTGTTGTGACCAATCTGAAGGGCATG 660 
D L R R G I  S M A V D A V V T N L K G M  
661 GCCAGAATGATTAGCACTTCAGAAGAAATTGCACAGGTGGGTACAATATCAGCAAATGGA 720 
A R M I S T S E E I A Q V G T I S A N G  
721 GAAAGGGAAATTGGTGAGCTTATTGCCAAGGCTATGGAGAAGGTTGGCAAAGAGGGTGTG 780 
E R E I G E L I A K A M E K V G K E G V  
781 ATCACTATTGCGGATGGCAACACCCTTTATAATGAGCTTGAAGTTGTGGAGGGTATGAAA 840 
I T I A D G N  T L Y N E L E V V E G M K  
841 CTTGACAGAGGTTACATCTCTCCGTACTTCATTACCAACTCAAAAGCCCAGAAATGTGAA 900 
L D R G Y I S P Y F I T N S K A Q K C E  
901 CTGGAAGACCCATtGATCTTAATTCATGACAAGAAAGTGACAAATATGCATGCTGTGGTT 960 
L E D P L I L I H D K K V T N M H A V V  
961 AAGGTTTTAGAAATGGCTCTAAAGAAACAAAGGCCTCTACTGATTGTTGCAGAAGATGTG 1020 
K V I i E M A L K K Q R P L L I V A E D V  
1021 GAAAGTGAAGCATTAGGTACTCTGATTATTAACAAGCTTCGTGCAGGCATCAAGGTCTGT 1080 
E S E A L G T L I I N K L R A G I K V C  
1081 GCTGTCAAAGCTCCTGGTTTTGGGGAAAACAGGAAGGcAAACTTACAGGACCTCGCTATC 1140 
A V K A P G F G E N R K A N L Q D L A I  
1141 CTTACCGGAGGAGAGGTAATAACTGAAGAGCTAGGAATGAACCTTGAGAATGTTGAGCCT 1200 
L T G G E V I T E E L G M N L E N V E P  
Figure 3: cpn60lla cDNA nucleotide sequence (Genbank 
accession #: Zea mays L21006) is presented 
in the top line. The AUG translation start 
codon, the translation stop codon (TAA), and the 
polyadenylation signal 3' of the stop codon 
(AATAAA) are underlined. The second line 
displays the amino acid sequence encoded by the 
cpn60IIa open reading frame 
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1201 CACATGCTGGGTTCATGCAAAAAGGTGACTGTCTCTAAGGATGACACTGTTATTCTTGAT 1260 
H M L G S C K K V T V S K D D T V I L D  
1261 GGCGCTGGAGACAAAAAGTCTATTGA AGAGAGGGCAGACC AGATTAGATC AGCAGTTGAG 1320 
G A G D K K S I E E R A D Q I R S A V E  
1321 AACAGCACTTCAGATTATGACAAGGAAAAGCTCCAGGAACGGTTGGCAAAGCTCTCTGGA 1380 
N S T S D Y D K E K L Q E R L A K L S G  
1381 GGTGTTGCTGTTCTGAAGATTGGAGGAGCCAGCGAAGCAGAAGTTGGTGAGAAGAAGGAT 1440 
G V A V L K I G G A S E A E V G E K K D  
1441 AGAGTGACAGATGCACTGAATGCTACTAAAGCTGCTGTTGAAGAGGGCATTGTACCAGGT 1500 
R V T D A L N A T K A A V E E G I V P G  
1501 GGTGGTGTTGCTCTTCTCTATGCATCGAAGGAGCTCGATAAGTTGCAGACAGCAAATTTT 1560 
G G V A L L Y A S K E L D K L Q T A N F  
1561 GATCAGAAGATTGGTGTGCAAATCATTCAGAATGCTTTGAAGACACCTGTACACACCATT 1620 
D Q K I G V Q I I Q N A L K T P V H T I  
1621 GCCTCCAATGCTGGGGTGGAGGGAGCAGTAGTTGTGGGCAAGCTTTTGGAGCAAGGAAAC 1680 
A S N A G V E G A V V V G K L L E Q G N  
1681 ACTGACCTTGGTTATGATGCTGCTAAAGACGAATACGTTGACATGGTGAAGGCTGGTATC 1740 
T D L G Y D A A K D E Y V D M V K A G I  
1741 ATTGATCCGCTAAAGGTCATCAGAACTGCATTGGTGGATGCTGCTAGTGTGTCGTCCCTG 1800 
I D P L K V I R T A L V D A A S V S S L  
1801 ATGACCACCACGGAATCCATAATTGTAGAGATCCCCAAGGAAGAGGCACCGGCTCCAGCA 1860 
M T T T E S I I V E I P K E E A P A P A  
1861 ATGGGTGGCATGGGTGGAATGGATTACtaagtgtcaagcacacccacgatacaacaacat 1920 
M G G M G G M D Y  
1921 caaagcagagatgacgaggtggttgtcaggaggatacaattttgaggctgcggacgtagg 1980 
1981 acctcaatatctccaagcaatagtggggggataatââacatgagcagtagttgtttgaga 2040 
2041 tctgaagctgtagatcaagattggattctgacaecttgtgctgaaccaagtgtagtctga 2100 
2101 ttattacacattttttggctgagtaaaatcggattgccgttctgttt 2147 
Figure 3 (continued) 
Figure 4: Restriction maps of cDNA clones cpnGOIb, cpn60lcE 
and cpnGOIIa. This diagram shows the cDNA 
insertions in pBluescript SK-. Vector sequence 
is not shown. cpn60Ib and cpn60IIa were isolated 
from a maize B73 cDNA library. cpn60lb is 
missing 229 bases of the cpn60I open reading 
frame as determined from the cpnSOl genomic 
sequence (chapter 5). cpn60lcE contains a 
cpn601-encoding cDNA clone reconstructed by site-
directed mutagenesis and chimeric assembly of 
fragments from cpnGOI and cpnGOlI cDNA clones. 
Details of the construction of cpn60IcE are 
presented in chapter 6 
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cpn60lb 
5' H3 H3 3 
Kpnl 
cpn60lcE 
tEcoRI 
5' |. H3 H3 H3 
YrrvuY/mu^ ù/22222^ ^^ K^ ^^ Ê^ÊÊÊÊÊÊÊÊIÊÊÊk 
Not Kpnl 
cpn60lla 
5' H3 H3 
I 
H3 
I 
Not Kpnl Sst 
— 200 bp. 
* Translation start (AUG) . 
Area of reconstruction 
Clone from library 
t Engineered site (Chap. 6) 
Figure 5: Amino acid sequences of Zea mays cpn60II, 
cpnëOI, and yeast hsp60 and E.coli groEL. An * 
indicates amino acid identity. The missing 
cpn60l sequence has been determined from the 
corresponding genomic clone(Chapter 5). The DNA 
sequences of maize cpn60II and cpnSOl complete 
cDNAs show 92% homology overall. Approximately 
58% identity (75% similarity) is noted between 
the maize and yeast amino acid sequences. 55% 
identity exists between the maize hsp60 amino 
acid sequence and that of the corresponding 
portion of the groEL sequence. Amino acid 
identity between cpnSOI and cpnSOlI is 97% 
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1 60 
MYRAAASLAS KARQAGSSSA ARQVGSRLAW SRNYAAKDIK FGVEARALML RGVEELADAV cpn60II 
**************** *A T* ******** ********** ********** ********** CPN60 I 
*L*SS VVR*R* TLRPLL*RAY *SH...*EL* ****G**SL* K***T**E** Yeast 
**ND**VK** R**NV***** groEL 
61 120 
KVTMGPKGRN WIEQSFGAP KVTKDGVTVA KSIEFKDRVK NVGASLVKQV ANATNDTAGD cpn60II 
********** ********** ********** ********** ********** ********** CPRIGO X 
*1******** ***VL**KPE *M**K*LQE* *SK**EA*** AA*L****** Yeast 
RE**LE*KFE *M**QM**E* *SKA**A*** **LDK***** groEL 
121 180 
GTTCATVLTK AIFTEGCKSV AAGMNAMDLR RGISMAVDAV VTNLKGMARM ISTSEEIAQV cpn60ll 
********** ********** ********** ********** ********** ********** cpn60 I 
***g****GR *****sv*N* ***CNP**** **SQV**EK* IEF*SANKKE *T******** Yeast 
*NNT****AQ **I***L*A* ***DK**T*A *EE**ALSVP C*D*KA**** groEL 
181 240 
GTISANGERE IGELIAKAME KVGKEGVITI ADGNTLYNEL EWEGMKLDR GYISPYFITN cpn60II 
********** ********** ********** ********** ********** ********** cpn60 I 
;^******QGH Y*K*L*S*** ********** RE*R**ED** **T***RF** *F*******D Yeast 
Q****R[,SDET V*KL**E**D *********V E**TG*QD** D*****QF** **L*****NK groEL 
241 300 
SKAQKCELED PLILIHDKKV TNMHAWKVL EMALKKQRPL LIVAEDVESE ALGTLIINKL cpn60II 
**'P******* ********** ********** *******JÇ** ********** ********** CPNGO I 
P*SS*V*F*K **L*LSE**I SSIQDILPA* *ISNQSR*** **I****DG* **AAC*L*** Yeast 
PETGAV***S *F**LA***I S*IREMLP** *AVA*AGK** **I*****G* **A*AVV*TI groEL 
301 360 
RAGIKVCAVK APGFGENRKA NLQDLAILTG GEVITEELGM NLENVEPHML GSCKKVTVSK cpn60II 
********** ********** ********** ********** ****p***** *1^******** cpn60I 
RGQVKVCAVK APGFGDNRKN TIG*I*V*** *T*F****DL KP*QCTIEN* ***DSI**T* Yeast 
RGIVKVAAVK APGFGDRRKA M***I*T*** *T**S**I** EL*KATLED* *QA*R*VIN* groEL 
361 420 
DDTVILDGAG DKKSIEERAD QIRSAVE.NS TSDYDKEKLQ ERLAKLSGGV AVLKIGGASE cpn60II 
********** *********g *****j*** ********** ********** ********** cpn60I 
g*****U*g* P*EA*Q**IE **KGSIDITT *NS*E***** ********** **IRV***** Yeast 
*T*T*I**V* EEAA*QG*VA ***QQI*.EA *****R**** **V***A*** **I*V*A*T* groEL 
421 480 
AEVGEKKDRV TDALNATKAA VEEGIVPGGG VALLYASKEL DKLQTANFDQ KIGVQIIQNA cpn60II 
********** ********** ********** ********** ********** ********** cpnGO I 
Y********Y G******R** *****L**** T**VK**RV* *EVVVD**** *L**D**RK* Yeast 
V*MK***A** E***H**R** ****v*A*** ***IRVASK* AD*RGQ*E** NV*IKVALR* groEL 
481 540 
LKTPVHTIAS NAGVEGAVW GKLLEQGNTD L..GYDAAKD EYVDMVKAGI IDPLKVIRTA cpn60II 
********** ********** ******£*** *_ ******Q *******ip** ********** cpn60 I 
ITR*AKQ*IE ***E**S*II ***IDEYGD* FAK****SKS **T**LAT** ***F**V*SG Yeast 
MEA*LRQ*VL *C*E*PS**A NTV. ..KGG* GNY**N**TE **GN*IDM** L**T**T*S* groEL 
541 50 
LVDAASVSSL MTTTESIIVE IPKEEAPA.P A,.M.GGMGG MDY.. cpn60II 
********** ********** ********_* *..*Q***** ***,, cpn60 I 
****SG*A** LA***VA**D A*EPP*A*.G *GG*P***P* *PGMM Yeast 
*QY****AG* *I***CMVTD L**ND*ADLG *AGGM***** *GGMM groEL 
Figure 6: Helical wheel depictions of the first 18 amino acid residues 
of cpn60I and cpn60II. Both sequences can form amphipathic 
helices typical of eukaryotic mitochondrial targeting presequences 
• • = Hydroxyl 
+ = Basic 
• = Kfjrcphobîc cpn60 II 
0 ® 0 
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Table 2: Plasmid constructions containing cpn60I or 
cpnôOII cDNA sequences 
pcpn60Ia; cpnGOI 1489 bp EcoRI cDNA fragment cloned into the 
EcoRI polylinker site of pUCllS in orientation A (5' 
end toward remainder of pUCllS polylinker region) 
pcpn60IaB: cpnGOl 1489 bp EcoRI cDNA fragment cloned into 
the EcoRI polylinker site of puc 118 in orientation 
B (3' end toward remainder of pucllS polylinker 
region) 
pcpn60IaYA: cpn60I 1489 bp EcoRI cDNA fragment cloned into 
the EcoRI polylinker site of YEp356 in orientation 
A (5' end toward remainder of YEp356 polylinker 
region) 
pcpn60IaYB: cpnGOI 1489 bp EcoRI cDNA fragment cloned into 
the EcoRI polylinker site of YEp356 in orientation B 
(3' end toward remainder of YEp356 polylinker 
region) 
pcpnGOlaUl - pcpnGOIaUG: Deletion series of clones containing 
fragments which decrease in size in approximately 
220 bp increments from the PstI site of insertion 
in pcpn60IaYA. 
pcpnSOlaRl - pcpn60IaR6r Deletion series of clones containing 
fragments which decrease in size in approximately 
220 bp increments from the PstI site of insertion 
in pcpn60laYB. 
pcpnSOIb: cpn60l 1736 bp cDNA clone in pBluescript SK-
(Stratagene) isolated from maize B73 8 day old green 
shoot cDNA library (Alice Barkan, Univ. of Oregon), 
subcloned by in vitro excision of the SK- plasmid 
from the Lambda ZapII (Stratagene). 
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Table 2: (continued) 
Dcpn60lla: cpn60ll 2167 bp cDNA clone in pBluescript SK-
(Stratagene) isolated from maize B73 8 day old green 
shoot cDNA library (Alice Barkan, Univ. of Oregon), 
subcloned by in vitro excision of the SK- plasmid 
from the Lambda ZapII (Stratagene). 
pcpn60Iaii; subclone of pcpnGOIa containing the 5' 0.42 kb 
EcoRl/Hindlll fragment cloned into puc 118. 
pcpn60laiii; subclone of pcpn60la containing the 0.61 kb 
Hindlll fragment from the mid-region of the cDNA 
cloned into pUC118. 
pcpn60Iaiv; subclone of pcpn60Ia containing the 3' 0.46 kb 
EcoRl/Hindlll fragment cloned into pUC118. 
pcpn60lav: subclone of pcpn60Ia containing a 5' EcoRl/Pstl 
deletion fragment of 0.4 kb cloned into pUC118. 
pcpn60Iavi: subclone of pcpn60Ia containing a 3' EcoRl/Pstl 
deletion fragment of 0.24 kb cloned into pUC118. 
pcpn60IIaii: subclone of pcpn60IIa containing the mid-5' 
0.67 kb Hindlll fragment cloned into SK+. 
pcpn60IIaiv: subclone of pcpn60lla containing the 3' 0.52 kb 
EcoRl/Hindlll fragment cloned into SK+. 
pcpn60llav: subclone of pcpn60lla containing the 5' 0.52 kb 
EcoRl/Kpnl fragment cloned into SK+. 
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4. GENOMIC ORGANIZATION OF THE GENES FOR 
MAIZE MITOCHONDRIAL CPN60 
Introduction 
The presence of two distinct cDNAs for mt-cpn60 described 
in the previous chapter, indicates the presence of at least 
two gene copies in the maize genome. The objectives of the 
experiments described in this chapter were to determine the 
gene copy number of mt-cpn60 in B73 maize and to determine the 
chromosomal location of the genes by restriction fragment 
length polymorphism (RFLP) mapping techniques. 
Materials and Methods 
Genomic DMA preparations 
Plant genomic DNA used for Southern hybridization to 
determine gene copy number was prepared according to the 
method of Shure, et al. (135). Maize DNA was prepared from 
the inbred B73. Arabidopsis genomic DNA was prepared from 
seedlings of cultivar 'Columbia' (seeds provide by Dan Voytas, 
Iowa State University). 
Maize public inbreds K05 and W65 were the parents of F2 
progeny plants used for RFLP mapping studies, Genomic DNA 
preparations from plants used for RFLP mapping studies were 
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obtained from the molecular marker group at Pioneer Hi-Bred 
International Inc. 
Southern hybridizations 
7-10 p,g of genomic DNA was digested with appropriate 
restriction endonucleases and separated by TAE agarose 
electrophoresis. DNA was transferred to nylon membranes 
(MagnaCharge, M.S.I.) by capillary transfer according to 
Southern (136) . Membranes were baked at 80°C for 1 hour and 
incubated in prehybridization solution (116) for a minimum of 
5 hours at 65°C. Radiolabeled probes were prepared from cDNA 
fragments described in Chapter 3 (Figure 2). Denatured 
radioactive probes were incubated with membranes overnight at 
65°C in hybridization solution(116) , then washed in 0.IX SSC, 
0.1% SDS for 30 minutes at room temperature, followed by three 
washes in O.IX SSC, 0.1% SDS at 65 C°. Membranes were blotted 
dry and used for autoradiography (116) . 
RFLP mapping 
Four maize populations at Pioneer Hi-Bred International, 
Inc. were available for RFLP mapping studies. A number of 
nucleotide sequences which hybridize to polymorphic 
restriction fragments in the inbred parents have been mapped 
to chromosomal locations in these populations (137). Southern 
blot membranes containing restricted DNA of the parents of 
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these four populations were screened for polymorphisms with 
cpn60lb, cpnGOIIa, and derivative cDNA fragments. Mapping 
population K05 X W65 displayed distinct restriction 
polymorphisms with both cpn60Ia and cpn60llav probes. 
Radiolabeled cpn60Ia was used to score parental markers for 
cpn60I. This probe also hybridized to cpn60ll polymorphisms. 
Radiolabeled cpn60IIav probe was used to score for cpn60ll 
polymorphism. This probe hybridized strongly to cpn60ll 
polymorphisms but only weakly to cpn60I polymorphic bands. 
Southern blots of 144 F2 progeny from this population were 
hybridized to cpn60I and cpn60II radiolabeled probes and 
hybridization patterns scored by computer analyses. A 
databank containing previously obtained RFLP marker 
information (for more than 200 markers) for these F2 
individuals was used with the MAPMAKER-QTL® computer package 
(S.E. Lincoln, Whitehead Institute) to determine linkage 
distances (138) . 
Anl/B22 deletion analyses 
Maize genetic stock 116D was obtained from the Maize 
Genetic Cooperation Stock Center. This stock is segregating 
for plants containing both the anther earl dwarf mutant 
phenotype and the bronze2 pigmentation mutant phenotype. The 
double mutation is the result of a chromosomal deletion that 
includes both the (139) and SzZ (140) loci on the long arm 
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of the maize chromosome 1. This allele is designated anl-6923 
(141). Genomic DNA was prepared from individual 1-week old 
light-grown seedlings identified as either Bz2 (wild-type) or 
bz2 (mutant) phenotype. Membranes containing restricted DNA 
from these individuals were prepared as described above and 
hybridized to the radiolabeled EcoRl/Xhol fragment from 
cpnSOIIa. This probe hybridizes to both cpn60I and cpn60II 
sequences. 
Cloned fragments of the Anl and Bz2 genes were used to 
determine the locations of Bz2 and Anl loci in mapping 
populations K05 x W65 and J40 X V94, relative to other 
molecular markers. Linkage determinations were made using 
MAPMAKER-QTL® (138) . 
Results 
Genomic Southerns probed with radiolabeled cpnSOIa and 
cpnSOIIa cDNA fragments reveal at least two cpnGO-homologous 
sequences in all maize inbreds screened. One hybridizing band 
was also detected with cpn60la in the Arabidopsis genome. 
These probes contain large portions of the coding regions for 
cpnSOI or II. These results are shown in Figure 7. 
RFLP mapping was utilized to determine the chromosomal 
location of mt-cpnSOI and mt-cpn60ll in the maize genome. A 
radiolabeled cpn60Ia probe was used to score parental markers 
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for cpnSOI. This probe also hybridized to cpn60II 
polymorphisms. A radiolabeled cpn60IIav probe was used to 
score for cpn60ll polymorphism. This probe hybridized 
strongly to cpn60ll polymorphisms but only weakly to cpn60I 
polymorphic bands. Two inbreds KO5 and W65 which displayed 
polymorphism at both mt-cpn60 loci were chosen as parents for 
the mapping cross. Polymorphisms for cpn60]and cpn60II were 
scored using a K05 x W65 F2 mapping population of 144 
individuals, for which mapping data for over 200 molecular 
markers were available. Segregation patterns of RFLPs were 
typical of nuclear-encoded genes rather than plastid or 
mitochondrial encoded genes. Mt-cpn60 is also a nuclear 
encoded gene in other eukaryotic species, including 
Saccharomyces cerevisiae, humans and other mammals (13, 49, 
142) . The frequency of recombination of more than 200 
parental RFLP markers in the F2 progeny facilitated the 
assignment of chromosomal location of the DNA sequences under 
investigation using MAPMAKER-QTL® computer analyses (138). 
MAPMAKER-QTL® analyses placed cpn60l on the short arm of 
chromosome 5 and cpnGOII on the long arm of chromosome 1. The 
locations of these two loci with respect to other Pioneer Hi-
Bred and public RFLP markers was determined by MAPMAKER-QTL® 
analyses and are presented in Figure 8. 
The RFLP mapping data suggested that the cpnGOII 
chromosomal location mapped near the Anl and Bz2 loci (143) . 
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At the time of this analysis, Anl and Bz2 molecular mapping 
data were not available for the RFLP mapping populations. 
Hybridization patterns of DNA from plants segregating for the 
anl-6923 deletion were analyzed for the possible loss or 
alteration of cpn60II hybridizing fragments. Restriction 
patterns of cpn60ll-homologous fragments were examined in the 
individuals homozygous for the deletion (bz2 plants) relative 
to sibling individuals either heterozygous for or lacking the 
deletion. Figure 9 illustrates the cpn60 hybridization 
patterns in several individuals from the anl-6923 segregating 
population. A band strongly-hybridizing to a probe prepared 
from the EcoRI/Xhol fragment of cpn60lla is present in all 
plants homozygous for the deficiency. A band of a different 
length, strongly hybridizing to cpn60II, is present in another 
six of the purple (Bz2) plants, and both of the bands are 
present in three of these purple plants. This pattern is 
expected for plants heterozygous for the anl-6923 deficiency. 
cpn60II hybridizes to a larger fragment in bronze plants than 
the purple plants in the BarriEI digested DNA; the reverse is 
true for the EcoRI digested DNA. The same parental bands were 
detected with probes made from various cpn60ll subclones (data 
not shown). Therefore, the size differences of cpn60ll-
hybridizing polymorphisms were determined to be a result of 
parental polymorphism in the flanking sequence and not due to 
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missing cpnGOII sequence. These data indicate that cpnGOlI is 
linked to, but not contained within the anl-6923 deficiency. 
A molecular marker for Bz2 has subsequently been placed 
on the map of the K05 X W65 population by the Pioneer Hi-Bred 
molecular marker group. Marker data analyses by MAPMAKER-
QTL® places cpn60II proximal to the Bz2 marker in this 
population. A putative molecular marker for Anl (personal 
communication, R.J. Bensen) maps distal to the Bz2 marker in 
another RFLP mapping population J40 X V94 (as determined by 
MAPMAKER-QTL® analyses) . Collectively, these data indicate 
that the cpn60ll chromosomal location is proximal to the 
boundaries of the anl-6923 deficiency. Figure 10 illustrates 
the relative map locations of the molecular markers described 
above. 
V Summary 
Genomic Southerns reveal two fragments homologous to 
cpn60 in the maize inbreds screened. Segregation patterns 
indicate that both fragments are present in the nuclear 
genome. These data coupled with sequence information from the 
two cpn60 cDNAs (Chapter 3) indicate that two unlinked genes 
encoding maize mitochondrial cpn60 are present in B73. 
Southern hybridization data described in this chapter suggest 
that Arabidopsis thaliana plants contain one genomic copy of 
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mt-cpn60. Only one functional gene copy is present in most 
other organisms studied. Some exceptions are: Heliothis 
virescens (tobacco budworm) (144) which contains two mt-cpn60 
isoforms and human and Chinese hamster cells which contain 
several copies of hsp60-like sequences in addition to the 
functional hsp60 gene. Recently, two mt-hsp60 genes have been 
found in pumpkin (51). Chapter 7 will address the regulation 
of the two maize mt-cpn60 genes under varying environmental 
conditions and developmental stages. The presence of two 
genes encoding similar or identical structural proteins is not 
unusual in maize, however the presence of two mt-cpn60 genes 
in pumpkin as well, suggests that this redundancy might have 
some functional importance in plants. The chromosomal 
location of the two maize mt-cpn60 gene copies have been 
determined by RFLP mapping techniques. cpn60I was mapped to 
the short arm of chromosome 5. The position of cpn60II on the 
long arm of chromosome 1 was established relative to the Anl 
and Bz2 loci. The chromosomal arms containing the two cpn60l 
and cpn60ll genes are known to be regions containing other 
pairs of duplicated genes. 
Figure 7 : Southern hybridization illustrating copy number 
of mt-cpn60 sequences in the Arabidopsis thaliana 
('Columbia') and Zea mays (B73) genomes. 
Radiolabeled insert from cpnGOla was used as the 
hybridization probe. This probes hybridizes to 
both cpn60I and cpn60ll gene sequences, although 
overall homology to cpn60II is lower than to 
cpn60I 
BatnHI ^ 
Xbal S-
iisM 
Figure 8: RFLP mapping of cpn60. A radiolabeled cpn60Ia probe was used to 
score parental markers for cpn60I (top autoradiogram) . This probe 
also hybridized to cpn60ll polymorphisms. A radiolabeled cpn60IIav 
probe was used to score for cpn60II polymorphism (bottom 
autoradiogram). This probe hybridized strongly to cpn60II 
polymorphisms but only weakly to cpn60l polymorphic bands. Two 
inbreds KO5 and W65 displaying polymorphism at both cpn60 loci were 
chosen as parents A and B for the mapping cross. cpn605nd cpn60ll 
assorted independently. cpn60Iwas mapped to the short arm of 
chromosome 5. cpn60ll maps to the long arm of chromosome 1. Map 
locations and recombination frequencies were determined by the 
MAPMAKER-QTL® program. This program integrates new marker data for 
each of the F2 individuals with the extensive marker databank and 
assigns a map location 
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Figure 9: Restriction fragment length polymorphism of 
cpn60II homologous sequences in an anl-6923 
deficiency population segregating 3:1 for the 
anther earl. bronze2 deficiency phenotype. The 
top autoradiogram shows DNA from plants 1-14 
digested with BairiHl restriction enzyme. The 
lower autoradiogram shows an EcoRl digest of DNA 
from the same 14 plants. The EcoRI/Xhol fragment 
of cpn60IIa cDNA was used as a hybridization 
probe for both autoradiograms. This probe 
hybridizes strongly to cpnSOII sequence but also 
to cpn60I and related sequences. 
A strongly hybridizing band is present in the 
bronze-2 plants 9-14, homozygous for the 
deficiency. This is shown by the arrow in the 
right margin of both autoradiograms. Another 
strongly hybridizing band of a different size is 
present in the purple Bronze-2 wild-type plants 
1-8. This is indicated by the bottom arrow in 
the left margin of the BairHI autoradiogram and 
the top arrow in the left margin of the BcoRI 
autoradiogram. Three of the purple plants 
(plants 1, 2 and 3) have both parental cpn60ll-
homologous bands as indicated by the two arrows 
in the left margin of both figures. Unlinked 
bands hybridizing to the cpnSO probe represent 
cpn60l and related sequences. These additional 
bands may be sequences represented by the 
uncharacterized genomic clone families described 
in Chapter 5, Table 5 
73 
Bam HI 
Purple Bronze 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Eco Rl 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Figure 10: A comparison of RFLP maps of a portion of 
chromosome arm IL from two Pioneer mapping 
populations showing the positions of cpn60II, 
Anl. and Bz2 relative to each other, and to 
other molecular markers 
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5. IDENTIFICATION OF GENOMIC CLONES FOR THE TWO MAIZE 
MITOCHONDRIAL CPN60 GENES 
Introduction 
The maize nuclear genome contains at least two sequences 
homologous to mt-cpn60 as determined by genomic Southern 
hybridization (Chapter 4). The objectives of the experiments 
described in this chapter were: 1) To construct a genomic 
library representative of the maize genome and from DNA of a 
known pedigree and source; 2) To identify and determine the 
nucleotide sequence and intron/exon composition of genomic 
clones for cpn60l and cpnSOII; and 3) To determine the site of 
transcription initiation for both genes. 
Materials and Methods 
Construction of maize B73 genomic libraries 
Genomic DNA fractionation Maize public inbred B73 was 
selected as the DNA source for the genomic library. B73 was 
the genotype used to construct the cDNA library from which the 
mt-cpn60 cDNA clones were isolated (Chapter 3). High 
molecular weight genomic DNA was prepared from immature field 
grown ear tissue (137). DNA was digested with the restriction 
endonuclease 5au3AI (116). Digestion was terminated at various 
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timed intervals and examined by TBE agarose electrophoresis. 
100-200 |Lig samples of genomic DNA from selected digestions 
were loaded onto a 10% to 30% continuous glycerol gradient in 
0.1 M Tris, pH 8.0, 0.2 M NaCl, and 2 mM EDTA pH 8.0 (B. Burr, 
Brookhaven National Laboratories, personal communication). 
Tubes were centrifuged in a SW41 Beckman rotor for 16 hours at 
25,000 rpm at 4°C. 500 |4,1 fractions were collected on a Gilson 
fraction collector. 10 |J,1 from each fraction were examined on 
a 0.7% agarose gel with molecular weight standards to 
determine the size range of DNA in each fraction. Fractions 
enriched for DNA fragments in the size range of 12 to 23 kb 
were selected for use in the construction of the genomic 
library. 
Vector selection Lambda Dashll, a replacement vector 
available from Stratagene (Figure 11), was used for library 
construction. The "stuffer" fragment can be replaced by 
inserts in the size range of 9 to 22 kb. Identical polylinker 
sites flank the stuffer region. 
Library construction strategies Two strategies were 
employed to obtain libraries. One method (outlined in Figure 
12) required the double digestion of Lambda Dashll with BamHI 
and Hindlll (116). Subsequent isopropanol precipitation 
selected against retention of the low molecular weight Hindlll 
and BainHI/Hindlll linker fragments between the two BamHI 
enzyme sites in the DNA precipitate. This strategy decreases 
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the likelihood of vector/stuffer religation (116). Genomic 
DNA cut with SauSAI would have compatible overlapping termini 
for ligation to BairiHI cut lambda arms. Careful size 
fractionation of genomic DNA should decrease the frequency of 
tandem inserts because of the insert size limitations of the 
vector. If tandem insertions do occur, they should be 
detected in comparative Southern analyses of genomic clones 
with B73 DNA. 
The second method is outlined in Figure 13. This method 
involves the digestion of the vector by Xhol. The genomic DNA 
and the vector DNA are then partially filled-in with Klenow 
and deoxyribonucleotides, resulting in self-incompatible 
vector polylinker ends but allowing vector/genomic fragment 
compatibility (145). Partially filled-in genomic DNA is not 
self-compatible and therefore should not form tandem inserts. 
B73 genomic libraries were constructed using both of the 
strategies described above. 
Ligation Ligation of vector and B73 genomic DNA 
fragments were performed in volumes of 5 |Xl (121) . Various 
ratios of vector to genomic DNA, ranging from 1:1 to 2:1, were 
used in ligation reactions. Reactions were incubated at room 
temperature for 1 hour, followed by an overnight incubation at 
4°C. The ligation reaction mix was extracted twice with a 
25:24:1 mixture of phenol/chloroform/isoamyl.alcohol and once 
with 24:1 chloroform/isoamyl alcohol, and precipitated with 2 
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volumes of absolute ethanol and 0.1 volume 4.4 M ammonium 
acetate (pH 5.2). The precipitate was washed with 70% ethanol 
and air dried before resuspension in TE buffer (10 mM Tris, 1 
mM EDTA). 
Packaging of libraries Each of the libraries was 
packaged using the Gigapack Gold II® packaging reagents 
obtained from Stratagene according to the methods of Kretz, et 
al. (146). 
Plating Various dilutions of packaged libraries were 
incubated with transformation competent E. coli host cells 
(116) for 20 minutes at 37°C. Host cell strains for each 
library included SURE®, SRB, and P2-SRB (Stratagene); and 
LE392 and P2-LE392. Host cells were mixed in a NCZYM top 
agarose matrix and plated on NCZYM agar plates. Plaques were 
counted to estimate total library titer. 
Determination of library efficiency Estimation of the 
percentage of recombinants in the libraries was determined by 
the comparison of the library's titer using P2 lysogen vs. 
non-P2 hosts. Only recombinants (those phage lacking the 
red+, gan& stuffer region) will grow on the P2 lysogenic 
strain while recombinants and non-recombinants alike will grow 
on non-P2 hosts (147). The P2 lysogenic host used to 
determine proportion of recombinant clones was P2SRB 
(Stratagene). The non-P2 host strain used for construction of 
both libraries was the SURE strain obtained from Stratagene. 
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Screening B73 libraries and identification of mt-cpn60 
genomic clones 
Library screening Approximately 1,000,000 plaque 
forming units (pfu) from the BanUl primary library were 
screened using insert DNA from plasmids cpn60IIa and cpn60la 
described in Table 2 in Chapter 3. Protocols for screening of 
lambda libraries are described in Chapter 3. mcrA~, mcrB~, 
mrr~, recombination deficient SURE® E. coli host cells 
(Stratagene) were used to plate the genomic library for 
screening. Plaques containing putative cpn60 genomic clones 
identified in the initial round of screening were subsequently 
confirmed and purified by additional rounds of screening as 
described in Chapter 3. 
An Arabidopsis ('Landsburg') genomic library in Lambda-
Fixl (Stratagene, Library provided by Dan Voytas, I.S.U.) was 
also screened using insert DNA from plasmids cpnSOIIa and 
cpnSOIa. Three positives were identified and pure plaques 
were isolated. 
Genomic clones Phage lysates from purified genomic 
clones were used to prepare DNA as described in Chapter 3. 
Genomic clone DNA was digested with various restriction 
endonucleases, separated by TBE agarose gel electrophoresis 
and transferred to nylon membranes. Membranes were hybridized 
to radiolabeled cpn60 cDNA fragments contained in pcpn60Ib, 
I 
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pcpnôOlaii, pcpnGOIaiii, pcpnôOIaiv, pcpnôOlav; and pcpnGOlIa, 
and pcpn60IIav (Table 2, Chapter 3). Hybridization to nylon 
membranes was as described in Chapter 4. Genomic clones were 
grouped into families based upon similarities in restriction 
patterns and strength of hybridization to various cpn60l and 
cpn60ll cDNA fragments. 
Subclonina genomic lambda clone fragments into 
plasmid vectors Genomic DNA restriction fragments were 
subcloned into the plasmid vector pBluescriptSK+ (Stratagene). 
Cloning methods used are described in Chapter 3. The DH5a 
E.coli host bacteria (Gibco-BRL) strain was used for 
subcloning procedures. The resulting plasmid constructs are 
described in Table 3. 
Seouenelna of cpn60I and cpn60II genomic clones 
Large scale plasmid DNA isolations of genomic subclones 
were prepared using the Nucleobond® X-100 columns (Machery-
Nagel), according to the manufacturer's instructions. 
The Ml3 universal and reverse primers were used to prime 
nucleotide sequencing of both ends of the subclones pATcpn60X, 
pcpn60l4SE, pcpn60l4E, pcpn60ISN, pcpn60l4X, pcpn60IIN, 
pcpnGOIIEH, pcpn60IISB, and pcpn60IIB (described in Table 3). 
Automated sequencing was done by the University of Iowa DNA 
core facility and Iowa State University Nucleic Acid facility 
as described in Chapter 3. Synthetic oligonucleotide primers 
I 
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were designed as preliminary sequence data became available 
and used to prime additional sequencing reactions along the 
subclones (oligonucleotides were constructed by Pioneer Hi-
Bred or Iowa State University Nucleic Acid Facility). 
Confirmed overlapping sequence data were obtained for both 
strands of the genomic clone subclones for distances 
approximately 1 kb upstream and downstream of terminal 
sequences homologous to the cpn60I and cpn60ll cDNA clones. 
Analyses and alignment of sequence data were facilitated by 
GCG computer software programs. 
Mapping of transcript start sites for cpn60I and conSOII 
Isolation of Polvadenvlated RNA Total RNA was 
isolated from etiolated B73 seedlings, 48 hr. post-
imbibition, using acid guanidinium thiocyanate-phenol-
chloroform extraction (148). Polyadenylated RNA was isolated 
from the total RNA preparation using the PolyATract® system 
(Promega). 
Primer extension Primary sequence information from 
the cpnSOI and cpn60ll cDNA and genomic clones was used to 
select nested oligonucleotide primers a short distance 
upstream of the translational start ATG codon of both genes. 
Ubiquitin oligonucleotide primers were selected based upon the 
published maize Ubi-1 sequence (149). Oligonucleotide primers 
are described in Table 4. Primer extension analyses were 
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performed according to McKnight et al. (150). Sequencing 
ladders (126) of pcpn60ISN and pcpn60IISN primed with the same 
oligonucleotide primers used for cDNA extension were run 
alongside extension products to provide size markers. 
RNAse protection assays Plasmids containing cpnGOI 
and cpn60II DNA fragments used for generating radiolabeled RNA 
probes are described in Table 3. Plasmid cpn60ISN {Sall/NotI) 
was digested with Sail and Hindlll and the fragment containing 
both the plasmid and cpn60l DNA 3' of the Hindlll site was 
separated on a 1% TAE agarose gel and purified with Gene 
Clean® (Bio 101). Plasmid cpn60IISN {Sall/Nhel) was digested 
with Xmnl and the fragment containing the plasmid and cpn60II 
DNA 3' of the Xmnl site was gel purified. Plasmids cpn60ISN 
and cpnGOlISN were also digested with Xbal and the fragments 
containing the plasmid and cpn60 DNA 3' of the Xbal site were 
gel purified. Both pcpn60ISN and pcpnGOlISN contain the T3 
RNA polymerase binding site in a 3' position, downstream 
(relative to the direction of transcription) of the Notl 
(cpnSOI) or Nhel (cpnSOII) site. Radiolabeled RNA transcripts 
were generated from these DNA fragments using the MAXIscript® 
in vitro transcription kit (Ambion) with T3 RNA 
polymerase(151). A T3/mouse p-actin template (supplied with 
the kit) was transcribed as a negative control for the RNAse 
protection assay. The Xbal templates were used to transcribe 
probes which were used as positive controls and protected 
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fragment size references. Full-length radiolabeled RNA probes 
were purified by excision and extraction from 8 M Urea, 5% 
polyacrylamide gels (116). RNAse protection assays were 
performed using the RPA II® system (Ambion), a modification of 
the methods of Melton et al. (151) . 
Mung bean nuclease mapping The 5' end of the cpn60I 
and II transcripts were also mapped by mung bean nuclease 
protection assays. Radiolabeled probes for the protection 
assays were made as follows: pcpn60ISN (Family I) was 
digested with Notl, treated with calf intestinal phosphatase 
and end-labeled with yATP-p32 using T4 kinase. The DNA was 
then digested with HindiII and the resulting end-labeled 
fragment of 691 bp was gel-purified with GeneClean®. 
cpn60lISB (Family II) was digested with Nhel, end-labeled as 
described above, cut with XmnI and the resulting 497 bp 
fragment was gel-purified. 0.1 |Lig (500,000 cpm) labeled probe 
was co-precipitated with 2 p,g of polyA+ mRNA from 48 hr. 
etiolated B73 maize seedlings by addition of ethanol to 70%. 
Mung bean protection assays were carried out as described by 
Goff, et al. (152). Incubations without enzyme or without 
mRNA were included to control for artifactual products. The 
approximate sizes of protected DNA fragments were determined 
by comparison to end-labeled commercially available molecular 
weight standards (1 kb ladder, Gibco-BRL) on 7% polyacrylamide 
7 M urea gels. 
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Maize B73 genomic library 
Two maize genomic libraries representative of the genome 
were constructed using B73 maize DNA from a source of known 
genetic integrity (Pioneer Hi-Bred International, Inc.). 
Strategies were designed to avoid the loss of abundant C-
methylated sequences in the maize genome and to prevent 
recombination of our genomic inserts. For this reason a mcrA~ 
mcrB~ recombination deficient host (SURE® cells from 
Stratagene) was used (153, 154). Safeguards discussed in 
Methods were also included in the experimental design to 
prevent and/or detect tandem insertions that would not 
accurately reflect the arrangement of sequences in the genome. 
The SajnHI primary genomic library included a total of 4 x 
lO"^ clones, of which more than 60% were recombinant. The Xhol 
primary library contained 2.2 x lO'^ clones, of which more than 
50% were recombinant. 
A screen of 1 x 10® pfu's from the SamHI primary library 
using mt-cpn60 cDNA fragments resulted in the isolation of 11 
positive genomic clones hybridizing to mt-cpn60. 
Genomic clone families 
The 11 genomic clones were characterized according to 
their restriction maps and the degree of hybridization to 
various cpn60I and cpn60ll DNA fragments, and then arranged 
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into six family groups listed in Table 5. Two families showed 
the greatest strength and specificity of hybridization to 
cpn60I or cpnGOII radiolabeled probes. The restriction maps 
of overlapping lambda genomic clones of these two major 
families are illustrated in Figure 14. Restriction fragments 
from families I and II were subcloned into pBluescript SK+ 
plasmid vectors for further characterization. These 
constructs are described in Table 3. 
The restriction patterns of genomic clone families I and 
II correspond to the restriction fragment patterns of the two 
gene copies cpn60I and cpn60ll identified in Southern 
hybridizations of B73 genomic DNA. Restricted DNA from cpn60I 
and cpn60II genomic clones hybridized to cpnSOlb and cpn60IIa 
probes respectively, is shown in Figure 15. B73 genomic DNA 
hybridized to a cpnGOIa probe is shown in Figure 7, Chapter 4. 
The strength of radioactive signal varies with the level of 
sequence homology to the probe used for hybridization. 
One family of genomic clones was also identified and 
isolated from the Arabidopsis genomic library. These clones 
all had identical restriction fragment patterns. A Xbal 
fragment of 3 kb was the only fragment in this Xbal digest 
that hybridized to the cpn60la radiolabeled probe (Figure 16). 
This 3 kb fragment was subcloned into pBluescript SK+ and 
partially sequenced. 
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Sequence information and intron/exon eompoaition of 
genomic clones 
Complete DNA sequences in both orientations were 
determined for mt-cpn60I and II families. Each sequence is 
presented in Figure 17 and Figure 18, respectively. By 
alignment with the cDNA sequences, both genes were found to 
contain 16 introns. The arrangement of introns and exons is 
diagrammed in Figure 19. Exon sequences for cpnGOI and II 
exactly match the sequences of cpnSOI and cpn60II cDNAs 
respectively. Comparisons of the splice junctions for 
individual exons between cpn60l and cpnGOII show the splice 
junction locations to be identical with respect to the 
flanking exon sequence. The sequences of the intron/exon 
splice junctions agree with the consensus sequences described 
for eukaryotic genes. In contrast, no significant sequence 
homology was found between introns of the two genes outside of 
the splice junctions. 
The ATcpn60X Arabidopsis cpn60 genomic subclone was 
partially sequenced. Comparison of the genomic clone 
nucleotide sequence to the published sequence of an 
Arabidopsis cpn60 cDNA (50) indicate that at least 10 introns 
are present in the Arabidopsis gene (data not shown). 
Sequence alignments between the mt-cpn60 genes of Arabidopsis 
and maize indicate that intron position is usually but not 
always conserved between the two species. The first intron of 
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both the maize mt-cpn60 genes follows the twenty-third codon 
of the coding sequence. This intron lies within thé coding 
region of the mitochondrial presequence. The first intron of 
the Arabidopsis gene interrupts sequence encoding the 
thirteenth amino acid of the peptide. This codon is also in 
the putative mitochondrial targeting pre-sequence, but at a 
different location from that found in the maize genes. 
Comparisons of all other intron positions between maize mt-
cpn60 and Arabidopsis mt-cpn60 showed almost complete 
conservation of intron position. The only exception was the 
absence of an intron in the Arabidopsis gene in the position 
occupied by the fourth intron in the maize gene. 
Heat shock has been demonstrated to interfere with RNA 
splicing machinery in many organisms (155). It is not 
surprising therefore, that introns are not a general feature 
of genes encoding heat shock proteins. However, introns are 
present in the hsp70 gene of maize (156) and other plants 
(157, 158). Introns in the maize mt-cpn60 genes range in size 
from 65 bp to 1495 bp. The Arabidopsis introns examined ranged 
from 85 to 190 bp. 
Site of transcription initiation 
Nested oligonucleotide primers were used to prime 
polyadenylated RNA from B73 seedlings. The data in Figure 20 
indicate that transcription is initiated at nucleotide -197 
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from the AUG translation start codon for cpn60I and at 
position -203 for cpn60II. An alignment of cpnGOI and cpnGOII 
sequences in this region is shown in Figure 23. The sequences 
of cpnGOl and II are nearly identical in the immediate 
vicinity of the transcription initiation site. Another stop 
is detected at position -120 in cpn60I and -129 in cpn60II . 
The nucleotide sequence in this region is extremely GC rich 
and causes stops in primer extension, as well as G-C 
compression during dideoxy chain termination sequencing 
reactions (data not shown). This stop was considered to be 
artifactual; it was not always apparent and varied in 
intensity depending upon which oligonucleotide primer was used 
and the experimental conditions of the primer extension 
reactions. The ubiquitin control primers used as a positive 
control extended cDNA synthesis by the correct length 
corresponding to the transcription start site reported for 
Ubi-1 (149). 
Mung bean nuclease protection assay data are shown in 
Figure 21. Protected fragments of approximately 220 bp for 
cpnSOl and II indicate a transcription start site at 
approximately -200 from the AUG start codon, consistent with 
the results from primer extension. Longer exposures revealed 
a secondary fragment of approximately 130 bases in cpn60I 
protection assays. This fragment was not always present, and 
a comparable fragment was not seen in cpnGOII. This result is 
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likely to be artifactual, possibly because nucleic acid 
secondary structure in this region could interfere in hybrid 
formation, as discussed above. 
RNAse protection assays also confirmed the findings from 
primer extension experiments. Major protected fragments of 
approximately 215 and 225 bases were found in cpn60I and in 
cpn60II respectively (Figure 22), consistent with the 
transcription start sites proposed above. This fragment size 
would correspond to transcription start sites at approximately 
-200. Transcripts were also made from templates cut with 
Xbal. The Xbal restriction site overlies the site of 
transcription initiation as determined by primer extension. 
These protected fragments are the same size as the protected 
fragments from experiments using the longer RNA probes. RNA 
probe made from the mouse p-actin gene, included as a 
negative control, was completely degraded. Fragments that 
correspond to the artifactual stops in the primer extensions 
were also detected in these experiments. 
Together these data indicate that the start of 
transcription for each gene is at the positions shown by the * 
in Figure 23. The sequence between cpnSOl and cpnGOII is very 
similar within this region. In fact, the sequence homology 
between the two genes is quite high in the entire promoter 
region as far as 160 (cpn60l) or 178 (cpnSOlI) bases upstream 
of the transcription start site. 
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No detectable TATAA box can be identified in the regions 
immediately upstream of the transcription start sites, nor 
can any putative Heat Shock Element (HSE) consensus sequences 
be identified in the 5' sequence of cpnGOlI. cpn60l contains 
a possible HSE far upstream of the transcription start site, 
but neither gene contains the reiterated HSEs characteristic 
of the upstream sequences of other hsp genes. The HSE is 
defined as a 14 bp consensus sequence 5'-CTnGAAnnTTCnAG-3' 
(159) ; or less stringently as trinucleotide core repeats of 
5'-GAA-3' or 5'-TTC-3' (160, 161) present in alternating 
orientations separated by two nucleotides. 
Summary 
A maize B73 genomic library was constructed and screened 
for cpn60 clones. Two major families of overlapping clones 
have been identified corresponding to the two homologous 
fragments identified on genomic Southern blots. The isolation 
of four additional families of genomic clones indicate the 
presence of mt-cpn60 related sequences in the maize genome. 
Whether these represent functional genes, perhaps encoding 
additional chaperonin proteins, or pseudogenes is yet to be 
determined. The nucleic acid sequences have been determined 
for the two mt-cpn60 genes. These data indicate that both 
families of clones contain an intact cpn60 gene corresponding 
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to either cpn60I or cpn60ll. The site of transcription 
initiation for each gene has been determined. Both genes 
appear to be driven by TATAA-less promoters. This phenomenon 
has not been widely studied in plants, however genes which 
have been characterized as having TATAA-less promoters include 
other stress-inducible genes such as the catalase-1 gene in 
maize (162). In animals, TATAA-less promoters are 
characteristic of "housekeeping genes" required for general 
cellular function. Initiator sequences surrounding the 
transcription initiation site are critical for the expression 
of these genes. For example, GC-rich sequences which bind the 
protein Spl have been described as important for the 
transcription of TATAA-less promoters (163) in mammalian 
genes. cpn60l and cpn60ll share high sequence homology 
throughout the region 5' to the transcription initiation site. 
Sequences in the immediate vicinity of the transcription 
initiation sites of the cpn60l and cpn60II genes (CCGCCG) 
share some homology with Spl binding site consensus sequences. 
Further characterization of the cpn60I and cpn60II promoters 
will be required to determine critical sequences regulating 
the initiation and levels of gene transcription. 
The exon sequences of genomic cpn60I and cpn60II exactly 
match the sequences of the two cpn60 cDNA's. An Arabidopsis 
cpn60 genomic clone has also been identified; Sixteen introns 
have been identified in each maize gene. Introns are also 
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present in the Arabidopsis cpn60 gene. Intron position is 
conserved perfectly between the cpn60 genes of maize. Intron 
placement is usually conserved between the maize and 
Arabidopsis genes, but some differences are also observed. 
Figure 11: Lambda DASH II from Stratagene 
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Figure 12 : Strategy for the construction of a Bamtll genomic 
library 
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Table 3 : Plasmid constructions containing cpn60 genomic 
sequences from maize and Arabidopsis 
pcpnGOIX: The 8 kb. Xbal fragment (3' of 862) of Lambda clone 
14 cloned into the SK+ plasmid. 
pcpn60ISE: : The 4.6 kb. Sall/EcoRl (1-4557) fragment of Lambda 
clone 14 cloned into the SK+ plasmid. 
pcpn60lES: The 2.3 kb. EcoRI/Sall (3' of 4557) fragment of 
Lambda clone 14 cloned into the SK+ plasmid. 
pcpn60lSN: The 1.1 kb. Sall/NotI fragment (1-1074) of 
Lambda clone 14 cloned into the SK+ plasmid. This 
plasmid contains a unique Hindlll site 691 
nucleotides upstream of the JVotI site. 
pcpn60lSP: The 2.2 kb. Sall/Pstl fragment (1-2208) of 
Lambda clone 14 cloned into the SK+ plasmid. 
pcpn60IXN: The 212 bp. Xhal/Notl (862-1074) fragment of 
Lambda clone 14 cloned into the SK+ plasmid. 
pcpn60IIEH: The 1.8 kb, EcoRI/Hindlll (1010-2835) fragment of 
Lambda clone II14 cloned into the SK+ plasmid. 
pcpn60IISB: The 2 kb. Sail/BairEl fragment (1-2033) of Lambda 
clone II14 cloned into the SK+ plasmid. 
pcpnGOIISN: The 1.9 kb. Sall/Nhel fragment (1-1925)of Lambda 
clone II14 cloned into the SK+ plasmid. This 
subclone was constructed by digesting the pcpn60lISB 
plasmid with BamHI and Nhel, filling in overhangs 
with Klenow fragment of DNA polymerase and 
religating the blunt ends. This construct contains 
a unique Xmnl site 497 nucleotides upstream of the 
filled in Nhel site. 
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Table 3 (continued) 
pcpnôOIIB: The 9 kb. BaaSil fragment (3 ' from 2024) of Lambda 
clone II14 cloned into the SK+ plasmid. 
pcpn60IIXS: The 2 kb. Xhol/Sstl fragment (3589-5553) of 
Lambda clone II14 cloned into the SK+ plasmid 
pcpn60IIN+: The 286 bp. Notl (1923-1639) fragment of Lambda 
clone II14 cloned into the SK+ plasmid in an 
orientation which allows transcription of an RNA 
complementary to the cpn60II mRNA driven by the T3 
RNA polymerase. 
pcpnGOIIN-: The 286 bp. Notl (1639-1923) fragment of Lambda 
clone II14 cloned into the SK+ plasmid in an 
orientation which allows transcription of an RNA 
complementary to the cpn60II mRNA driven by the T7 
RNA polymerase. 
Table 4: Synthetic oligonucleotide primers used for primer extension 
Gene Primer Size Position Sequence 
(AUG = +1) (5' to 3') 
cpn60II 
IIPEl 24 +6 to —18 GTGCATGATTGCGGATGGTGGCGC 
IIPE3 25 -238 to -264 GTTGATCGCCTCGCAGGGTGCGGCG 
IIPE4 25 -280 to -304 CCAGCACAGGCGCTGCCGCGCTCCG 
IIGSPIA 21 -26 to —46 GAGGCTGTTGTCGGCGAGAGG 
IIGSPIB 21 -50 to -70 GGTTGGTGTGGGCTGTGGAGG 
cpn60Z 
IPEl 24 -37 to -60 CGGAGAGAGCTTTGGGTGGTGTGG 
IPEIX 24 -23 to —46 GGCGAGGTTGTGGTCGGAGAGAGC 
IPEIZ 25 -10 to -34 AGGAGGCGCTGGGGGCGAGGTTGTG 
IGSPIA 21 -40 to —60 GGTGGTGTGGAGAAACGGAGA 
IPEIB 25 -154 to -178 GAGACAGCGCTGGGGAGACGAACTG 
IPE2 24 -176 to -199 CTGGAGGGTGCGCGGCGGCTCTAG 
1PE3 24 -227 to -250 GTGGTTGTTGATCGGCTTGCAGCG 
IPE4 26 -261 to -286 CCGACAGCCAGCACAGTCGCTGCGGC 
Dbiquitin 
UBll 16 -997 to -982 CTTGAAGCGGAGGTGC 
UB21 16 -1029 to -1015 GGGAGATCTGGTTGTG 
1 The maize polyubiquitin transcription start site is described by Christiansen, et 
al. to be at position -1064 from the AUG translational start codon. 
Table 5: cpn60 genomic clone families showing varying degrees of homology^ to 
cpn60 cDNA subclones. Families I and II show restriction patterns 
corresponding to the two cpn60 copies in the maize genome. 
Family Genomic 
clones 
la laii laiii laiv Xavi Ilavi 
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* * * *  * * * *  * * * *  * * * *  * * * * * 
II 1113, II14 * * * *  * * * *  * * * * * *  * * * * *  
III 
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ts
 
* *  *  *  (*) -
IV IV4, IVl *  *  (*) (*) -
V V5 * * * * - *  * * * * 
VI VI9 ( * )  — (*) — — 
^ Number of * indicate strength of homology. (*) indicates detectable but weak 
homology. - indicates no homology detected. 
Figure 14: Restriction maps of cpn60 family I and II genomic DNA inserts 
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Figure ISA: Restriction pattern of maize cpn60 genomic clones 
hybridized to cpnôOIa radiolabeled probe. 
Genomic clones 14 and II14 show restriction 
patterns corresponding to the cpnGOI and II gene 
copies respectively in the B73 maize genome (seen 
in Figures 7 and 15B) 
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Figure 15B: Southern hybridization of B73 maize DNA. 
Radiolabeled insert from cpn60Ia was used as the 
hybridization probe. This probe hybridizes to 
both cpn60I and cpn60ll gene sequences, although 
overall homology to cpn60II is lower than to 
cpn60I 
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Figure 16: Arabidopsis genomic clone DNA hybridized to cpn60IIv radiolabeled 
probe. The 3 kb Xbal fragment was subcloned and partially 
sequenced. The XbaX subclone does not contain the entire 
Arabidopsis cpn60 gene. The lambda genomic clone is truncated 
before the 3' end of the cpn60 gene. At least 7 kb of sequence 5' 
to the translation start site is included in the genomic clone 
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1 gtcgaccgtt gcgcgcgaag tagccgttgc tccgctggca caccggacag 
51 tccggtgtga caccggacac tgtccggtgc ttcatcggac agtccggtga 
101 attatagcgg agcggcctca catttttccc gaaggtagtg agttcagcgt 
151 cgagtgccct ggtgcaccgg acactgtccg gtggcacacc ggacagtccg 
201 ctgcgtcaga ccagggtgcc tttgggttgt cttttgctat ctttgtttga 
251 accctttctt ggtcttttta ttggcttatt gtgaactttt gacacctgta 
301 aaacttatag actacaacaa actagttagt ccaattattt qtattaaaca 
351 attcaaccac caaaatcaat taggagataa atgtaagctt aattcccttt 
401 caacaacttc gtcacacctc tttatttgac ctcctgggtg tgagggtccc 
451 aatgatttag gatcaaatga cgagagaatg atagtgtagc gtcatttgcc 
501 cttctactag tgatgctgtc tctaataaat tatgtatata gttatataaa 
551 atattatttt atattgtaaa ctatattgtt tacatattaa agtttgaaac 
601 aaaagattac gatgagaaat atgatttagg atcaaatgac ataatgattg 
651 cagtagtagt tctgggaacg cggtagccac aacgactgaa acgaacgata 
701 acccattcag attgacgggt tagaagtggc gggccgcagc ccagaaatac 
751 caaagcccag ttggacgacc ggagcagccg cagcgactgt gctggctgtc 
801 gcgaccgcac cccgctgcaa gccgatcaac aaccactaaa accctaaacc 
851 ctagtggatg cttctAGAGC CGCCGCGCAC CCTCCAGTTC GTCTCCCCAG 
901 CGCTGTCTCT AAAATCCACT CGTCCACCAC CTCCTCGGCG CTTCGCATCC 
951 TTCCCCCCTC CGCAAGAAAG AAGCGAAGCA ACTCTCCGCC GTCTCCGTTT 
1001 CTCCACACCA CCCAAAGCTC TCTCCGACCA CAACCTCGCC CCCAGCGCCT 
1051 CCTTCCGCAG TCATGTACCG CGCGGCCGCT AGCCTCGCCT CCAAGGCGCG 
1101 GCAAGCCGGG AACAGCCTCG CCACCCGCCA Ggtgagagca gactcattga 
1151 tgtgcgtcca agttgtgacg gggtctgatg aggacctcgc tctcagattt 
1201 ggcaatgatg ggttctggta gttctgcgtg cggggcttag ttgaatcttt 
1251 tgaactctgc tattttagat tgcttaggat tcagtgtggt ttgctgcatg 
1301 gtgctgttta ttttggtggc gatctacctt aatttgtaca tctaagcgac 
1351 taagctagct tcgtactttt gcaattcgtc acatttactt tgcaaaatta 
1401 ggaacatttg ctatttcaga catttacttt gcaaaagtag gacccaaaac 
1451 acacacaaaa ggtagaagga cgtagaaggg cataaatgtc caaaataaca 
1501 ttgaaaccaa agatcacatg ttttgagtcc tatttttgcg gaggtgtgaa 
1551 gcacattgtt tggactagtc ccaaaaatcc atttttctca atctacggtg 
1601 ctttatctcg tcactactgt gctctagtta gccgttagac ctcgaaaaca 
1651 ttgatagaca gctggagaac ttcgatctga tccagcatga atcgatgtct 
1701 tctgaaattt gttacattat tgttgtgtaa ccttgggggt acggcagtct 
1751 ctaactgatc acgtggctta aaattgaatg tggccattct cagctgttgt 
1801 gtgtgatgat gctttgtagG TTGGAAGCAG GCTTGCCTGG AGCAGGAACT 
1851 ATGCTGCGAA GGACATCAAG TTTGGTGTTG AGGCCCGTGC TCTGATGTTG 
1901 AGGGGTGTTG AGGAGTTGGC AGATGCTGTC AAAGTGACAA TGGGACCTAA 
1951 Ggtataacca cattcttaca cagataataa acagttacct gaacactatg 
2001 attgactacc agattttctt gcagtacctt ctagttatgc tgaacacttg 
2051 tcagtttcct tcctgaatcc tgatgtcaat attctaggag ctacaaatgc 
Figure 17: cpn60l genomic nucleotide sequence (Genbank 
accession #: Zea mays L21007) . Exon sequence 
is in uppercase type. The underlined sequence 
344-356 indicates a match to the HSE consensus 
sequence. 
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2101 ccattatggc actcactgat tataatattg cttgatgtgc tttactctgt 
2151 tgtagtactg ttgcatttag tttgttttgt acttgaattt attgcctgct 
2201 ttctgcagGG GCGCAATGTG GTTATTGAGC AAAGCTTTGG TGCACCGAAA 
2251 GTCACAAAGG ATGGTGTGAC TGTAGCAAAG AGCATTGAAT TTAAGGATAG 
2301 AGTAAAGAAT GTTGGTGCAA GCCTTGTGAA ACAGGTTGCT AATGCAACTA 
2351 ATGACACTGC TGGCGATGgt atgacatcct ttgtgtgctg gttattgcga 
2401 acaaagaatg gtttctgtaa aagattgtta cagagctagt cttctcaact 
2451 tccatacatg tttcttgtgt ggaagtattc tggtgttcct ggagtagatg 
2501 gttgctgttt cttcagtttc attgttgctg cacatttgat agtgtttgag 
2551 tcttcgggaa ctgtagtctg attccaacat gttcagtatt gctttctttg 
2601 ctattttgtg aattttgtta gctcctgtgg tgtgcatgct gttatttcct 
2651 ctattggtgt caataccagt ctttagttgc ttcctgacaa taaggttata 
2701 taaggctatc agtttctcgc tctgatgcta ataatactct cttcttcgaa 
2751 gagacatatt gaatcatgta ataagttaaa ttttctatat ttgaattgta 
2801 tgtagcttgc tgatgtcttc ttccaactgt acctgatctg acatccaaaa 
2851 atttcagGTA CCACATGTGC CACTGTTTTG ACAAAAGCAA TATTTACTGA 
2901 GGGGTGCAAA TCTGTTGCGG CTGGAATGAA TGCAATGGAT TTAAGGCGCG 
2951 GAATCTCAAT GGCTGTTGAC GCTGTTGTGA CCAATCTGAA AGGCATGGCC 
3001 AGAATGATCA GCACTTCAGA AGAAATTGCA CAGgtatatc tgcaaggctc 
3051 tagttttatg ttcccttcat ctttttaaaa ttctttctct atcctgtgaa 
3101 gGTGGGTACA ATATCAGCAA ATGGGGAAAG GGAAATTGGT GAGCTTATTG 
3151 CCAAGGCTAT GGAGAAGGTT GGCAAAGAGG GTGTCATCAC TATTGCGgta 
3201 agttaaatcc aaagcttgcc tgagacacct ttctaggcta ttcctctacg 
3251 gacccttcta tttccactct atgattgtcc acttgcacta gtatccaaac 
3301 cttgcggtcc aacactgagg acaagttggc tcatgcacac agcttcagtg 
3351 attctaattg tctacatggt tctgtttgtt aaaagtgctg agaaatgcac 
3401 attttgatgt tttcttgttt ggccacattg ccacattagt tattagaaat 
3451 atttctcaaa agttgagcca tgcccctgca catgttatta gaaagatcag 
3501 ttaattgtta tggtgctgta tgcttaattc ttgtctttcc cggcttcatc 
3551 aaattgctct ttttctgcat tgtgctgttt cagtttactg atttaaatgt 
3601 tCtttagGAC GGTAACACCC TTTATAATGA GCTTGAAGTT GTGGAGGGTA 
3651 TGAAACTAGA CAGAGGTTAC ATCTCTCCGT ACTTCATTAC CAACTCAAAA 
3701 ACCCAGAAAT GTgtaagtgt cctttatttt agcatgttat tctatatatg 
3751 tttttctgag acatttggtt atgtacacta caagaatatc ttagttattc 
3801 tttttgcatc acagGAATTG GAAGACCCAT TGATCTTAAT TCATGACAAG 
3851 AAGGTTACGA ACATGCATGC TGTGGTTAAG GTTTTAGAAA TGGCTCTGAA 
3901 Ggtagtctct ttgccctcat ttagcagtag ccgtattggt atcatcatga 
3951 cctttgttgg ttcatttttt ttcattcttt gcctggaaca gAAACAAAAG 
4001 CCTCTACTGA TTGTTGCAGA AGATGTGGAA AGTGAAGCAT TGGGCACTTT 
4051 GATTATTAAC AAGCTTCGTG CAGGCATCAA Ggtaggttct gtcaagtttc 
4101 tgtgcttggt tccgtttctg tagttctaat tggcaaggca tttagGTCTG 
4151 TGCTGTCAAA GCTCCTGGTT TTGGGGAAAA CAGGAAGGCA AACTTACAGG 
4201 ACCTTGCAAT CCTTACTGGA GGAGAGgtaa gcttcatagt tgtttttgtt 
4251 gtgcattttt tttttctgta tatgattcaa tatgtcatgt cttatctctg 
4301 catctatcat gattcagGTA ATAACTGAAG AACTAGGAAT GAACCTTGAG 
4351 AATTTTGAGC CTCACATGCT GGGTACATGC AAAAAGgtat aatccaggat 
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4401 ttaataggat attctatttt ctgacatgtt tattggtttg gattgcaatc 
4451 ttcagactgt cacggtattc tcacatgatc ttacagtgtt gtgctagtac 
4501 caaatgctat tctgcttgca cttttgcttt gatagtgcta ttttatgtgc 
4551 tgaatgaatt ccttttcaat gcagGTGACT GTCTCTAAGG ATGACACTGT 
4601 TATTCTTGAT GGAGCCGGAG ACAAGAAGTC CATTGAAGAG AGGGCAGAGC 
4651 AGgttcatgc aacatttatt tttattgtgt tgacctaaat tgcttgtaac 
4701 tttctggttc tgatagtttg tggatgttgc agATTAGATC AGCAATTGAG 
4751 AATAGCACTT CAGATTATGA TAAGGAAAAG CTCCAGGAGC GGTTGCCAAA 
4801 ACTCTCTGGA GGTGTTGCTG TTCTGAAGgt gagattactg acctttgtat 
4851 gtttactaat ggcagattcc atgtttcaaa catttttttt ctgttgtaat 
4901 actgttacct gtgtctgtcc tccatttgct gattttgtgc ctgtgcctcc 
4951 tttcctagAT TGGGGGAGCT AGCGAAGCAG AAGTTGGTGA GAAGAAGGAT 
5001 AGAGTGACAG ATGCACTGAA TGCTACTAAA GCTGCTGTTG AAGAGGGTAT 
5051 TGTACCAGgt aatgtatcat ttgaatattt gatgttcacg ggatgttcat 
5101 gctgatttcc tttgtgttat tcctactgat ctcctgttgc atcagtatgc 
5151 ctgatagtca tctttaattg tatatgcagG TGGTGGTGTT GCTCTTCTCT 
5201 ATGCATCGAA GGAGCTTGAT AAATTGCAGA CAGCGAACTT CGATCAGAAG 
5251 ATTGGTGTGC AAATCATTCA GAATGCTTTG AAGgtccggt ggcaagaaag 
5301 ttggatgtct tttcaggact cgtacatgtt tgctaaccta acatgcaata 
5351 ttttgtatgc agACACCTGT ACACACAATT GCCTCCAATG CTGGGGTGGA 
5401 GGGAGCAGTA GTTGTAGGAA AGCTTTTGGA GCAAGAAAAT ACTGACCTGG 
5451 GTTATGATGC TGCTAAAGgt atgatgtctc agcatttgcc tgcccagtca 
5501 tttttatctc aaacagttaa acatgatcag gtgctaaagg tgggggtgtt 
5551 tctacatatg cttgctgata tgtcatgaat gatattgtac agGTGAATAT 
5601 GTTGACATGG TGAAGACCGG TATCATTGAC CCGCTAAAGG TTATCAGAAC 
5651 TGCTTTGGTG GATGCTGCTA Ggtaaactga tcttttattt tgaacagtag 
5701 gaagttatta actagtttcc atgatagaca atcagccaac aatgatgagg 
5751 ctattaacta gtttctatcg ctattgaatt ggcaacggtt tgtttagctg 
5801 ctcttcatga gctaaatctg tcaggactta ggtattttgg cgggtgttaa 
5851 caagttttcc ctctcatttt gcagTGTGTC GTCCCTGATG ACAACCACGG 
5901 AATCCATAAT TGTAGAGATT CCCAAGGAAG AGGCACCGGC TCCAGCAATG 
5951 GGTGGCGGCA TGGGTGGCAT GGATTACTAA TGCATCACAC CCACATACAC 
6001 ATCAATGCAG GTTTTTTTTT AGCGGTGAAG TTCATCTTCA CTGTTTAGCG 
6051 GTGCAAGTTC ATCTCTACTG TATTTTGTTC GATGATGAGG TGGTTGTCAG 
6101 GCGGATACAG TTTTGAGTCT GCGGACGTAG GACCTCACAA TAGTTCCAAA 
6151 CGGAATAGTG TGAGAATAAT AAATATGAAC AGTAGTTCTT TGAGatatga 
6201 agttgtagac caagattggc ttccgggcat tttgtgtgga accaactgta 
6251 ttctgatcgt tacatttttt ggctggggta aaatcggatt gccgttctgt 
6301 tttgtcagtg tcgggcagat cttgtgcttc tgcgcttgct tctgatgtag 
6351 tcaggcgtaa atgcgctggc ggtggctgtt ttgctctaac aaggatttcg 
6401 cgtctccctt ggcacaagca gtgttctcaa tccactgtga aggcgtctat 
6451 cttcggaaaa gttattttaa ttttcatatg taagtcggac acgtcaggtt 
6501 tataatcttt ttggttgaac tgtgtcggat tgaccgcagg ctgacatcat 
6551 aaaaaagcta ctgtacgaat atttt 
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gtcgacgcgg ccgcgtaata 
51 aacgtgcctc ccattcccca 
101 ttttctggtc tgctcatttg 
151 tttgctcatt cgcctccccc 
201 tagctgaatt gctttaaata 
251 atgatatttg gactgcatgt 
301 taaatacaga tttctattgc 
351 ctacccatac ccgaatcgaa 
401 tttagatcga gtacattttc 
451 aaagcccaat ctagccgacc 
501 actatccgaa tacccgaata 
551 gctcagacta tcgcatatgt 
601 agcttcattg cacgtcgctt 
651 ttttattttc acgaatcaac 
701 acttacataa aagccttttt 
751 gaggacgcca tctagacatg 
801 ggaaaatatg catttgatgc 
851 tcgatgaagc tctgtgcttt 
901 cgcctgtcct caacggttat 
951 gatctccatg gacctttggt 
1001 ggatagaccg aattcttgaa 
1051 tctggtacat gtaaatattt 
1101 cttgcgacaa caggcaaaag 
1151 caggagggag catggagtgc 
1201 ttggtagagg ctccatgatt 
1251 attgcaagtg aatctatttg 
1301 gtgatttttg aaggattaaa 
1351 gcaggttttt ttgctcccaa 
1401 ttcactatta acatgaagca 
1451 agtgattctc gctaagagcg 
1501 gatttcaata atcaatattc 
1551 tagaagtggc gggccgcagc 
1601 gcagcagccg gagcgcggca 
1651 cgccgcaccc tgcgaggcga 
1701 ggatgtttct AGAGCCGCCG 
1751 TCTAAAATCA ACCCGTCCCC 
1801 CTCCGCAAGA AAGAAAGCGA 
1851 AGCCCACACC AACCAAACCT 
1901 ACCATCCGCA ATCATGTACC 
1951 GGCAAGCCGG GAGCAGCTCC 
2001 ttatacgcgt gtgatgggtc 
2051 atgttggcct ggggttctag 
2101 gcatggtgct gtttattttg 
cgactcacta tagggtgaag aattcggatc 
actaatcaag gtcagtttca cggtcaaata 
cttctggttc tagagtggac tatttcctgg 
atcatacaat agcttggact taaatctgaa 
catattttta ttgcatgtta tttggacagt 
tgtttaggca tctgaataac caaattgctc 
atgttttttt ttggaatcgg gtagaacggg 
ttttctagat acccaaattt tcaggtttag 
gagtattatt tctaaaagct cgaattgtga 
caaaaaatac gggctaaatc aaatgcccaa 
gcagtctgtc atgtacatag tttatttggt 
agccaactag ccattatagg ttcattagcg 
attgaaatga ctggttcaaa ctagctgcca 
cagcaacata gttggtttat tttctgggga 
tttccgcctt tcgcagatcc agtgaggagt 
aaagaaggga tctttttctt ttgcgctgat 
ttgtttatct acttctatct tccgtcctgg 
tgcgtacttt gcaatattat tggacatgtt 
gcttgtcttt tgttgctgga gcatcttgtt 
tgtaccctag gtcccgtgta acatatggat 
cattgtatga aacctatgct atggttctac 
gttagcggtt atgttttttc ccttgacttg 
caacgatatt attgtgtgtc gcaacaggaa 
acttcttgtt ctagtatatt gaggcctcgt 
ctctaataca gtgattctga gtgattttct 
acgaaaactg tttgataaat aggctgtgaa 
gagtgagaag caggttgaga gtggtgggaa 
tttctagtac aaagtagaga ctagattcac 
gttcagattt ttatagtttg gttcgataag 
gagctcctga attgtccccc gaaaataagt 
tgcgccgtga tattcagatt gttaatgggt 
ccagaaatat caaagcccac tttgaagacg 
gcgcctgtgc tggctgccgc ggccgcaccc 
tcaacaacca gcaaaaccct aaaccctagt 
TGCACCCTCA TTCGTCTCGC CTGCACTGTT 
CACCTCCTCG CCGCCTCGCA TCCTTTCCCC 
AGCAACTCTC CGCCGCCTCC ATTCCTCCAC 
CTCGCCGACA ACAGCCTCGG TCCCCGCGCC 
GCGCGGCCGC TAGCCTCGCC TCCAAGGCGC 
GCCGCTCGCC AGgtgagagc agactcgtgt 
tgatggagga tcccgccctc agatttggta 
tagttctgcg tgcagggctg tgggtttgct 
gtggcgatct gccggaatct gtagttcgct 
Figure 18: cpn60ll genomic nucleotide sequence (Genbank 
accession #: Zea mays L21008). Exon sequence 
is in uppercase type 
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cgcgcaaaat ctaagctagc tcgctaatgg cgtactggcg tggggtttca 
cattaatcta cggtggtgaa ctcgtcacta ccgtcctcca gttagctgtt 
agacaccgaa tacactgatt ggcagttgag aaacattgat ctgatccagc 
agaaatcgat gtcttgtgaa attcgttatt ttattgtcgt gtaaccttgg 
ggcatggcag tctctaattg atcacgcact cacctctgtt gtgtgtgatg 
CtttatagGT TGGAAGCAGG CTTGCCTGGA GCAGGAACTA TGCTGCCAAG 
GACATCAAGT TTGGTGTTGA GGCCCGTGCT CTGATGTTGA GGGGTGTTGA 
GGAGTTGGCA GACGCTGTCA AAGTGACAAT GGGTCCTAAG gtataaccac 
attcttatac agatgacaaa cagttactga tcattatgaa tgactaccaa 
attttcttaa tacaacacat catcgcattc tagttatgct gaacacttgc 
atgtcacttt ccatcctgat gtcaatattc taggagccac aaatggtcac 
tattgcactc actgattcca atactgtttg gtttgtttta ctttgttgta 
atactgttgc cttagttgtt tgttttgtac ttgaacttat cgcctgcctt 
ctgtagGGGC GCAATGTGGT TATTGAGCAA AGCTTCGGTG CACCGAAAGT 
CACAAAGGAT GGTGTGACTG TTGCGAAGAG CATTGAATTT AAGGATAGAG 
TAAAGAATGT TGGTGCGAGC CTTGTGAAAC AGGTTGCTAA TGCAACTAAT 
GACACTGCTG GTGATGgtat gacatccttt gtgctgattt tggtttattg 
tgaacaaaga atggtctctg taaaagatta ttaaggagtt tgtcttctga 
acttccaaac atgttacttg tgtggaagta ttcctggagt agatggtgct 
gtttcttagt ttcatcgttg ctttgctact catatttgtg atacactggt 
tgggtcttcg gcaaggcagg ccaggcactg ggtctgtttt tttactgacc 
ttaaagtata ggtcacggtt tcgaagcaac ctctccgcat gtgcggggga 
gtctcaggca ctgctctttt actgtttggt tctttttgga attggaactg 
tagcatgtga tccaatatgt ccagtattgc tccttgttgt ctttgctatt 
ttgttaagtt tgttagctct ggtggtgtgc atactgttat ttttctccct 
tggtgtgaat gccagccttg gttgcttctt cgtaataata ttacatgata 
aggttatcta atttctcgtt gtggctaatg ttgaagtgta taagtggatt 
gtctaccctc ttttgacaac ataagttttt gggttgactg gttagtacat 
ccactctaat atggtatcat ggtatcaaag ccagaggtct cgagtttgaa 
tcctagcaga gacttcattt gtgcctccgc tcctttattt ctacgtttgt 
gcctttcttt cttgctggat gtgagtgggg gtgttgaagt gtataagtga 
attgcctacc ttttcatgat agcttaagct tttgggttga tctggttagt 
gaatccactc tagcagttaa taatattatt ctccatcctt aaaagaggca 
tattgcatct tgaaataagt ctatactagt gtgtaaaaat catacaatta 
gattcacatt ccaaagttgt ttcaatatat attagttttt gtagctatca 
ataatatatt ttgagaaaaa aatagttaaa agtctgaccg gtctaacata 
aactatgcct catattgttg aattgtatgt agcttgttga tgctttcttc 
gaactgtacg tgatctgata tccaaaaaat tcagGTACCA CATGTGCTAC 
TGTTTTGACA AAAGCAATAT TTACTGAGGG GTGCAAATCT GTTGCGGCTG 
GAATGAATGC AATGGATTTA AGGCGTGGAA TCTCAATGGC TGTTGATGCT 
GTTGTGACCA ATCTGAAGGG CATGGCCAGA ATGATTAGCA CTTCAGAAGA 
AATTGCACAG gtatatctgc agcaccctag ttactttatt ttgttcttat 
cctgtccatc cctcaccttt ttttattctc tctatcctgt atgtaaagGT 
GGGTACAATA TCAGCAAATG GAGAAAGGGA AATTGGTGAG CTTATTGCCA 
AGGCTATGGA GAAGGTTGGC AAAGAGGGTG TGATCACTAT TGCGgtaagt 
taaaactaaa gcctacatgt gatacctttt taggctattc gtctatggct 
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4451 ctatggaccc ttctgtttcc actatatggg tagtccactt gccctagtat 
4501 ctaaagtaac cttacggtcc aacactgagg ataagttggc tcatgcacac 
4551 agcttcagtt gattctaatt gtgtacaacc ctacacggct ctgtttgtgt 
4601 ggtctactga taagtgcaca ttttgattgt ttccttgttt ttgctctttt 
4651 ctgcattgtt ctgtttcaac ttattggctg atttaaatgt tctgtagGAT 
4701 GGCAACACCC TTTATAATGA GCTTGAAGTT GTGGAGGGTA TGAAACTTGA 
4751 CAGAGGTTAC ATCTCTCCGT ACTTCATTAC CAACTCAAAA GCCCAGAAAT 
4801 GTgtaagtgc catttatttt tgcctggtag tctatatgtt tctttgagac 
4851 ctttggttgt atacaacaca tgaatatctt agttgtactt tttgtatcgc 
4901 agGAACTGGA AGACCCATTG ATCTTAATTC ATGACAAGAA AGTGACAAAT 
4951 ATGCATGCTG TGGTTAAGGT TTTAGAAATG GCTCTAAAGg tattctgttt 
5001 gctctcattt aacggtaaca gtattggttc attgtgggcc tttgctgatt 
5051 cttttttttt cattctttgc ttggaacagA AACAAAGGCC TCTACTGATT 
5101 GTTGCAGAAG ATGTGGAAAG TGAAGCATTA GGTACTCTGA TTATTAACAA 
5151 GCTTCGTGCA GGCATCAAGg taggttctgt caagtttctc tgtttggtac 
5201 catttctgtt ctaattggaa caacattcag GTCTGTGCTG TCAAAGCTCC 
5251 TGGTTTTGGG GAAAACAGGA AGGCAAACTT ACAGGACCTC GCTATCCTTA 
5301 CCGGAGGAGA Ggtaggcttc acagttgttt ctggtgtgca ttttatttct 
5351 ctgtataatt aaaaacgact tgtctcatca attcatcatg attcagGTAA 
5401 TAACTGAAGA GCTAGGAATG AACCTTGAGA ATGTTGAGCC TCACATGCTG 
5451 GGTTCATGCA AAAAGgtata gtagatgatt taaaaggatt tttctattga 
5501 tttggattgc agcaaccttc agccttaagt cacagtattc taacatgagc 
5551 tcagtgttgt gcaagtacca aaatctgttg tgtttgtaca tgtgctttga 
5601 tgtaatacta ttttatgtgc tgaatgactt ccttttcaat acagGTGACT 
5651 GTCTCTAAGG ATGACACTGT TATTCTTGAT GGCGCTGGAG ACAAAAAGTC 
5701 TATTGAAGAG AGGGCAGACC AGgttcgtgc aatattactt ttgttgtgct 
5751 gtcttaaatt gcttctaact ttctggttct gataatttat ggattatgga 
5801 ttatggatgt tgcagATTAG ATCAGCAGTT GAGAACAGCA CTTCAGATTA 
5851 TGACAAGGAA AAGCTCCAGG AACGGTTGGC AAAGCTCTCT GGAGGTGTTG 
5901 CTGTTCTGAA Ggtgaggtta ttgacctact gtatgtattt acgaatggta 
5951 gattacatgt tcttgtttta tatcgtaatt gtaataactg ttacctgtgg 
6001 ctctctgata tttcctgatt ttgtgcctat gtgtgcatcc tttcctagAT 
6051 TGGAGGAGCC AGCGAAGCAG AAGTTGGTGA GAAGAAGGAT AGAGTGACAG 
6101 ATGCACTGAA TGCTACTAAA GCTGCTGTTG AAGAGGGCAT TGTACCAGgt 
6151 aatgtatcaa ttaaaatttc atgggggggg ggtgtttatg ctgatttcct 
6201 gtgttatttg ctcctactga ttcctgttgc atcagtattt gtgttagtta 
6251 ttcctgattt cctgttgcgt cagtatgccc gggagtcaat ctttaattgt 
6301 gtatgcagGT GGTGGTGTTG CTCTTCTCTA TGCATCGAAG GAGCTCGATA 
6351 AGTTGCAGAC AGCAAATTTT GATCAGAAGA TTGGTGTGCA AATCATTCAG 
6401 AATGCTTTGA AGgtctggga gaagaatgtt ggattttttc ccccagattc 
6451 atacttgtgt gctaagctgg cgtggaatat tttgtatgca gACACCTGTA 
6501 CACACCATTG CCTCCAATGC TGGGGTGGAG GGAGCAGTAG TTGTGGGCAA 
6551 GCTTTTGGAG CAAGGAAACA CTGACCTTGG TTATGATGCT GCTAAAGgta 
6601 tgatgatctc ttagtgtttg catgccaatt tttgcaaaca gtaaagatgg 
6651 ggatgtttct atatatgttt gctgatatgt catgaatgat attgtacagA 
6701 CGAATACGTT GACATGGTGA AGGCTGGTAT CATTGATCCG CTAAAGGTCA 
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TCAGAACTGC 
acagtaggaa 
gccaacaatg 
gaattggcaa 
tgaactaccg 
tcactcactt 
ATCCATAATT 
GTGGCATGGG 
CAACATCAAA 
AGGCTGCGGA 
TAMCATGAG 
ATTCTGACAC 
TTGGCTGAGT 
tgcttgtggg 
tgtagtgtgg 
cgtaacctgt 
tgaactaaac 
tgagcaaaat 
gttttcggtt 
atttaaaagt 
atcttgagtt 
tagagtgtgg 
agatggatga 
tccag 
ATTGGTGGAT 
gttattaatt 
atgaggttgg 
caatttgttc 
ctctctgctt 
tcacattttg 
GTAGAGATCC 
TGGAATGGAT 
GCAGAGATGA 
CGTAGGACCT 
CAGTAGTTGT 
CTTGTGCTGA 
AAAATCGGAT 
cttgctttgc 
ctgcgtgatg 
ctcttgaaaa 
tgtacatgag 
ctgttctcaa 
aaaatcggac 
gagcatatat 
gctctatata 
tggaggaaga 
tgatgattta 
GCTGCTAGgt 
agtttccacg 
taacgttcaa 
agcttgtctt 
tttttaatgc 
cagTGTGTCG 
CCAAGGAAGA 
TACTAAGTGT 
CGAGGTGGTT 
CAATATCTCC 
TTGAGATCTG 
ACCAAGTGTA 
TGCCGTTCTG 
ttttgataat 
ttccgtcggt 
cagcagatag 
caaaaaactt 
aaagatatta 
gccccattga 
taaattatta 
ttttttaaaa 
tattatttgt 
gggcaaagct 
aaactgacct 
gtgaactcgg 
tactccgctc 
atgacctaaa 
tggtgttaac 
TCCCTGATGA 
GGCACCGGCT 
CAAGCACACC 
GTCAGGAGGA 
AAGCAATAGT 
AAGCTGTAGA 
GTCTGATTAT 
TTTtgccagt 
catagctttc 
gtaacattgt 
ccggctagat 
ccaagaacta 
caactacaaa 
aaattagtcc 
tcactcaccc 
acatcatata 
aaaatacaat 
ccagctcctg 
tttattttga 
ggagccagca 
tatggctgtt 
tttgttactg 
aaggttgccc 
CCACCACGGA 
CCAGCAATGG 
CACGATACAA 
TACAATTTTG 
GGGGGGATM 
TCAAGATTGG 
TACACATTTT 
gtcgcgactg 
tgcattctga 
tttaaatcgc 
taatcgtacg 
aattttgcat 
gtgtgtttgg 
ttagtcccta 
caaatctaat 
aacaactcag 
aatcaatcag 
cttctttagc 
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Figure 19: Intron/exon composition of cpn60 genes. All 
maize exons are identical in size, except for 
exon #17 which differs significantly in size 
and sequence. Intron size varies considerably 
between the two families 
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Figure 20: Primer extension products using oligonucleotides 
IPEIB, IPEZ, and IIGSPlB. cpn60I (first two 
autoradiograms) and cpnôOII (third autoradiogram) 
show extension products corresponding to 
positions -197 and -203 respectively 
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Figure 21: Mung bean nuclease protected fragments of 
pcpn60ISN and pcpn60IISN are approximately 220 
bp (indicated by arrow at right) 
124 
1 kb 
0.5 kb 
396 bp 
344 bp 
298 bp 
220 bp 
201 bp 
154 bp 
134 bp 
Figure 22: RNAse protected fragments of pcpn60ISN and 
pcpnôOIISN are approximately 225 bp (indicated by 
top arrow). The protected fragment of Xbal 
digested pcpn60SN is approximately 215 bp (bottom 
arrow) 
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Figure 23 : The transcription start sites of cpn60l and 
cpn60II were mapped by primer extension using 
nested primers and confirmed by RNAse protection 
assays. cpn60ll and I sequences upstream of the 
translation start codon(ATQ) are shown (upper and 
lower lines, respectively). Sequences 
corresponding to the oligonucleotide primers 
(described in Table 4) are underlined or 
highlighted. An asterisk identifies the 
transcription start site for each gene. Sequence 
coordinates correspond to those in Figures 17 and 
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1454 GATTCTCGCTAAGAGCGGAGCTCCTGAATTGTCCCCCGAT^TAAGTGAT 
I l  I  I I  I  I I  I  I  I I  I I  I I  
642 TAATGATTGCAGTAGTAGTTCTGGGAACGCGGTAGCCACAA CGAC 
1504 TTCAATAATCAATATTCTGCGCCGTGATATTCAGATTGTTAATGGGTTAG 
I  I I  I  I  I I I  I  I I I I I I I I M  I  l l l l l l l  
687 TGAAACGAACGATAACC CATTCAGATTG. . . ACGGGTTAG 
1554 AAGTGGCGGGCCGCAGCCCAGAAATATCAAAGCCCACTTTGAAGACGGCA 
I M I M I I I I I I I I M I I I I M I I M  l l l l l l l l l  I I  I I  I I I  I  I  
724 AAGTGGCGGGCCGCAGCCCAGAAATACCAAAGCCCAGTTGGACGACCGGA 
IIPE4 
1604 GCAGCCGGAGCGCGGCAGCGCCTGTGCTGGCTGCCGCGGCCGCACCCCGC 
l l l l l l  m i l l  I M I I I I I I I M  M M  M M M M M  
774 GCAGCC GCAGCGACTGTGCTGGCTGTCGCGACCGCACCCCG. 
IPE4 
IIPE3 
1654 CGCACCCTGCGAGGCGATCAACAACCAGCAAAACCCTAAACCCTAGTGGA 
M M  M  M M M M M M I  1 1 !  M  M  M  1 1  M  M  M  M  1 1  
815 CTGCAAGCCGATCAACAACCACTAAAACCCTAAACCCTAGTGGA 
IPE3 
* 
1704 TGTTTCTAGAGCCGCGGTGCACCCTC..ATTCGTCTCGCCTGCACTGTTT 
M  I M M M M M M I  M M M M  M I M M I  M  M  M M  I  
859 TGCTTCTAQAGCCgCCGCGCACCCTCCAGTTCGTCTCCCCAGCGCTGTCT 
* IPE2 IPEIB 
1752 CTAAAATCAACCCGTCCCCCACCTCCTCGCCGCCTCGCATCCTTTCCCCC 
M M M M  M  M i l l  M M M M M I  M l  M M M M M  M M I  
909 CTAAAATCCACTCGTCCACCACCTCCTCGGCGCTTCGCATCCTTCCCCCC 
1802 TCCGCAAGAAAGAAAGCGAAGCAACTCTCCGCCGCCTCCATTCCTCCACA 
M M M M M M  M M M M M M M M M I M  M M  M  M  
959 TCCGCAAGAAAG.AAGCGAAGCAACTCTCCGCCGTCTCCGTTTCT 
IGSPIA 
IIGSPIB IIGSPIA 
1852 GCCCACACCAACCAAACCTCTCGCCGACAACAGCCTCGGTCCCCGCGCCA 
M M M M  M i l l  M M I  M i l l  M l  M i l l  M l  M M I  
1003 ..CCACACCACCCAAAGCTCTCTCCGACCACAACCTCGCCCCCAGCGCCT 
IPEl IPEZ 
IIPEl 
1902 CCATCCGCAATCATQTACCGCGCGGCCGCTAGCCTCGCCTCCAAGGCGC 
M  I M M I  M M M M M M M M M M M M M M M M M M M I  
1051 CCTTCCGCAGTCâaESTACCGCGCGGCCGCTAGCCTCGCCTCCAAGGCGC 
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6. FUNCTIONAL COMPLEMENTATION OF A YEAST MITOCHONDRIAL HSP60 
NULL MUTATION WITH MAIZE CPN60II CDNA 
Introduction 
Mitochondrial cpn60, also known as heat shock protein 60 
(hsp60) is an essential protein in yeast (13). The objective 
of the work described in this chapter was to determine if a 
maize mt-cpn60 gene could sustain yeast cells in the absence 
of the endogenous yeast hsp60 gene. A yeast expression vector 
containing the maize family II cpn60 cDNA was transformed into 
the yeast Saccharomyces cerevisiae. A plasmid shuffle 
strategy (164) was employed to replace the functional yeast 
hsp60 gene with an inducible maize cpn60II gene. 
Materials and Methods 
Yeast host strain 
Yeast host strain aW303AHSP60 was used for this study. 
The chromosomal copy of the hsp60 gene in this strain is 
interrupted by an insertion of a H1S3 selectable marker gene 
(13). This renders the HSP60 gene non-functional. This 
allele is designated hsp60::HIS3. A functional copy of the 
yeast hsp60 gene is carried on the YEpHSP60 plasmid (13). The 
YEpHSP60 plasmid is illustrated in Figure 24. Most of the 
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plasmid constructs discussed in this chapter are described in 
Table 6 (this chapter). Additional plasmid information is 
contained in Table 2 (Chapter 3), or Table 3 (Chapter 5). 
Yeast expression vector construction 
Site directed mutagenesis Plasmid pcpn60lla 
containing cpnGOlI cDNA was altered by site-directed 
mutagenesis according to the method of Su and El-Gewely (165). 
An EcoRI site was created 16 bp upstream of the normal start 
of translation, and a BanUI site was created ICQ bp 
downstream of the translation stop codon. Plasmid pcpn60IIa 
was transformed into E. coli host CJ236 and single-stranded 
DNA prepared according to Vieira and Messing (119). VCSM13 
helper phage (Stratagene) was used. Synthetic 28-mer 
oligonucleotide primers included sequence complementary to 
flanking sequences as well as to the new EcoRI or BamHI 
restriction recognition sequences to be created. Mutagenized 
plasmids were transformed into DH5a E. coli and plasmid DNA 
was isolated from the putative mutants. The creation of new 
EcoRI and BaMll sites in the new plasmid pcpn60IIaEB was 
confirmed by digestion with EcoRI and BamHI, and by direct DNA 
sequencing. 
Construction of chimeric construct encoding full-
lenath cpn60l pcpnSOIIaE was isolated from clones produced 
during the site-directed mutagenesis of pcpn60IIa to produce 
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pcpnôOIIaEB. An EcoRl site was introduced upstream of the 
normal translational start site, but no BairiEI site was 
introduced downstream of the normal stop codon. pcpn60lIaE was 
mutagenized by site-directed mutagenesis. This 
oligonucleotide-directed mutagenesis converted the cpnGOlI 
open reading frame 5' of the Kpnl site to a sequence encoding 
the cpn60I peptide. The putative cpn60l sequence was 
determined by examination of the cpn60l genomic sequence from 
the cpn60I genomic clones described in Chapter 5. 
pcpn60IIaE was transformed into E. coli host CJ236 and 
single stranded DNA was prepared according to Vieira and 
Messing (119). VCSM13 helper phage was used. A synthetic 33-
mer oligonucleotide primer was designed to include sequence 
complementary to flanking sequences as well as conserved 
nucleotides in the region in which new cpn60I sequence was to 
be created. Conversion of cpn60ll to cpn60l encoding sequence 
is outlined in Figure 25. Mutagenized plasmids were 
transformed into DH5a E. coli and plasmid DNA was isolated 
from the putative mutants. The conversion of cpnSOII sequence 
to sequence encoding the cpn60I peptide was confirmed by 
specific oligonucleotide primed DNA sequencing. The 
mutagenized cpn60IIaE plasmid is designated cpn60II/Iconv. 
The EcoKl/Kpnl fragment of pcpn60II/Iconv containing the 
mutagenized cpnôOII to cpnGOI 5' conversion was ligated to the 
Kpnl/XhoJ. fragment of cpnGOIb to form a chimeric construct 
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encoding the full-length cpn60I peptide. This new hybrid 
construct is designated pcpn60lcE. Site-directed mutagenesis 
of pcpnSOIcE was then used to introduce a BamHI site 159 bp 
downstream of the normal translational stop codon for cpn60l. 
The resulting plasmid is designated pcpn60IcEB 
Yeast expression vector The yeast GALIO promoter of 
Saccharomyces cerevisiae will drive transcription of genes 
under its control while cells are grown in galactose, but not 
in glucose containing medium. The GALIO promoter lies within 
a 0.69 kb BamSil/EcoRI fragment of pBMlSO (166). This fragment 
was ligated to a 1.8 kb EcoRl/BairiHI fragment of pcpn60lIaEB 
containing the cpn60ll coding region. The resulting 2.5 kb 
BawHl fragment (GALIO;rmaize cpn60II) was cloned into the 
BamHI polylinker site of the yeast expression vector pFL39(a 
pUC19-derived plasmid developed by F. LaCroute with CEN4 and 
TRPl yeast sequences; obtained from Patrick Linder). The 
resulting construct pFL39cpn60II is diagrammed in Figure 24B. 
pFL39-derived vectors can be manipulated in E. coli and also 
transformed into yeast. They contain a TRfl selectable marker 
gene and are present at single copy levels in the yeast 
Saccharomyces cerevisiae. All plasmids used in the 
experiments detailed in this chapter are described in Table 6. 
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Yeast culture techniques 
All yeast media used are described in Table 7. Methods 
for yeast culture are performed as described by Ausubel, et 
al. (167). Yeast cultures were normally grown at 30°C. 
Cultures were also grown at 23°C and 38°C to test for 
temperature sensitivity. 
The 'plasmid shuffle' technique described by Boeke, et 
al. (164) was used to replace YEp352hsp60 (a plasmid 
containing a functional copy of the yeast hsp60 gene driven by 
its own promoter) with pFL39cpn60II. A 'shuffle' in which 
YEp352hsp60 has been replaced with a similar pFL39 construct 
containing a yeast hsp60 sequence is described in detail by 
Hallberg, et al. (114). The YEp352hsp60 plasmid contains a 
C7RA3 selectable marker gene. The pFL39cpn60II plasmid 
contains a TRPl selectable marker gene. The yeast strain 
aW303AHSP60 (containing the hsp60::HIS3 allele and the plasmid 
YEp352hsp60) was transformed with pFL39cpn60II. Lithium 
chloride transformation of yeast cells was done according to 
Ito et al. (168). Transformants were selected on medium that 
lacked tryptophan, to select for the plasmid. The medium also 
contained galactose to allow expression of the GALIO::cpn60ll 
fusion gene. Confirmed transformants were grown on plates 
containing 5-fluoro-orotic acid (5-FOA) and galactose. 5-FOA 
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selects for cells which have lost the plasmid YEpHSP60 
containing the URA3 gene. Growth of cells which express the 
URA3 gene is arrested by the presence 5-FOA(164). Two rounds 
of selection were employed to isolate clones derived from a 
single cell origin. Colonies of transformants selected on 
YPGal containing 5-FOA were replicated onto YPD (glucose as 
carbon source) medium. If the new strains contained the GALIO 
maize mt-cpn60II fusion plasmid as the only functional 
mitochondrial hsp60/cpn60 gene, then no growth should be 
observed on YPD. 
New yeast strains meeting the above criteria were also 
grown at 38 °C to determine the temperature sensitivity of 
endogenous protein interactions with the new mt-cpn60 protein 
introduced into the cell's environment. 
Western blotting 
Yeast and.maize mt-cpn60 expression in the various 
strains were assayed by western blotting. Yeast hsp60 
antibody reacts to maize mt-cpn60 with an affinity 
approximately l/20th that of the yeast mitochondrial hsp60 (R. 
L. Hallberg, Personal communication). Total protein was 
prepared from 48 hr etiolated B73 maize seedlings, yeast 
strain aW303AHSP60 and each of 10 independent isolates 
containing the maize mt-cpn60ll gene construct as described by 
Hallberg, et al. (114). Equal amounts of total protein from 
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each sample were separated by electrophoresis through a 10-12% 
SDS-Polyacrylamide gel in a Tris-glycine buffer (25 mM Tris, 
250 mM glycine, pH 8.3, 0.1% SDS) (116). Proteins were 
electrophoretically transferred to nitrocellulose membrane 
(169), and immunoblots were prepared as described by McMullin, 
et al (2). Immunoblot data was obtained in collaboration with 
the Hallberg laboratory (Syracuse University). This 
interaction has been previously demonstrated to be specific 
for the mt-cpn60 with no demonstrable cross-reactivity to 
chloroplast cpn60aor cpn60P (16). 
Results 
Yeast strains were isolated in which the maize cpn60ll 
gene acts as the sole source of mitochondrial chaperonin 60 
protein within the cell. The plasmid shuffle strategy used is 
outlined in Figure 26. 
Ten independent colonies of single cell origin 
(designated isolates 1-10 of strain OCW303AHSP60:zmcpn60II) 
were recovered following selection on 5-FOA. 
Each of these strains was grown on rich medium containing 
galactose (YPGal) and replica plated onto YPD (glucose 
medium). No growth was observed on YPD. This is consistent 
with the phenotype expected for strains that contain an 
essential gene under control of the GALIO inducible promoter. 
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Cultures incubated on YPGal media are shown in Figure 27B. 
Yeast strain aW303AHSP60 (which contains YEp352hsp60) grows 
well on YPGal media, and no significant differences in growth 
are observed at 23°C, 30°C and 38°C (Personal communication, 
R.L. Hallberg, data not shown). 
Immunoblots of total protein from maize inbred B73, yeast 
strain aW303AHSP60, and the yeast transformants containing 
the maize mt-cpn60II gene, were probed with yeast hsp60 
antibody (Figure 28). Yeast hsp60-homologous protein products 
in the yeast strains transformed with maize mt-cpn60 gene were 
the same size as the endogenous maize mt-cpn60 protein. The 
expression of the maize cpnGOlI protein is completely 
dependent upon the absence of glucose in the medium. This 
culture condition induces the GALIO promoter which drives 
expression of the maize mt-cpn60II gene in the expression 
vector pFL39cpn60II. No mt-cpn60 protein is seen in lanes 
containing proteins from cultures first grown on YPGal and 
subsequently transferred to YPD. 
Maize cpnSOII gene product appears to be properly 
imported into the yeast mitochondria and processed to a mature 
protein of the correct size (lower band in lanes 2,6,7,8 and 
9; compare with lanes 1 and 5, Figure 28). Some precursor 
protein (upper band; lanes 2,6,7,8 and 9) is still evident. 
The mature forms of yeast and maize SDS-denatured protein vary 
slightly in size. 
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The yeast strains containing the maize cpnGOlI gene were 
grown on YPGal at 23°C, replica plated and incubated at either 
30 or 38°C. The cells grown at the higher temperature of 38°C 
showed very little growth, indicating a temperature sensitive 
phenotype (Figure 27A). The temperature-sensitive phenotype 
of the transgenic yeast strains suggests that the interactions 
of yeast endogenous proteins with the new mt-cpn60 protein may 
be functional at optimal temperature (30°C) but are unstable 
under conditions of temperature stress (38°C) . Hsp60 is an 
essential protein in yeast under all conditions and is 
especially important to the cell's survival during heat 
stress. It is thought to act to prevent mitochondrial 
proteins from aggregating and precipitating irreversibly 
during environmental and cellular stress (114). If protein 
interactions with the cell's hsp60 product were weakened 
during heat shock due to cross-species differences, the likely 
result would be a reduction in the rate of cell growth and 
division. The temperature-induced reduction of colony growth 
observed for cells transformed with maize cpn60II is 
reversible and cells recover normal patterns of growth upon 
return to 30 °C. 
The maize cpnGOlI gene was used to complement the yeast 
hspGO gene in these experiments. Experiments with the maize 
mt-cpn60I gene are not complete. The amino acid sequence of 
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the two proteins are so highly homologous that similar results 
are anticipated. 
Summary 
Hsp60 is an essential protein in the yeast Saccharomyces 
cerevisiae. Experiments described above have demonstrated 
that a maize mt-cpn60II protein was capable of sustaining 
yeast cells in the absence of yeast hsp60 protein. Maize mt-
cpn60 gene product is properly imported into yeast 
mitochondria and processed to the correct size mature protein. 
This demonstrates that the maize cpnGOII gene encodes a 
functional mitochondrial fchaperonin. 
Cloney, et al. have reported Brassica ct-cpn60a and ct-
cpn60p function in E. coli (170). Investigators have also 
studied the similar functional properties of mammalian, plant 
and prokaryotic cpn60 in in vitro protein folding studies (5) 
(59) (71). However, this is the first study to report 
eukaryotic inter-species complementation of mt-cpn60 function. 
These results are not at all surprising since the high degree 
of conservation of primary amino acid sequence and oligomeric 
structure among members of the cpn60 family, predict such a 
conservation of function. 
These experiments show that the maize cpn60II pre-protein 
is imported into yeast mitochondria and processed upon import 
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into a functional chaperonin, therefore, the cpn60ll 
mitochondrial pre-sequence is capable of functioning 
interspecifically. Plant scientists are beginning to utilize 
Saccharomyces cerevisiae to study the cellular functions of 
cloned plant genes in a simple eukaryotic system. The ability 
of plant sub-cellular targeting presequences to function 
properly in yeast cells is encouraging in this regard. 
Figure 24. A. aW303AHSP60 cells are rescued by the 
presence of the multicopy YEpHSP60 plasmid which 
contains the normal Saccharomyces cerevisiae 
hsp60 gene driven by its own promoter. 
B. pFL39cpn60ZI was constructed by ligating the 
GAL 10 BaitiRl/EcdRl promoter fragment from 
pcpn60lIaEB (Table 6) to the maize mt-cpn60ll 
cDNA EcdRl./BaitOAl fragment and cloning the 
resulting BamHI fragment into the pFL39 
polylinker BamHI site 
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Yeast hsp60 
EcoRI 
YEpHSPBO 
URA3 
EcoRI m 
I L 
m m EcoRI 
yeast hsp60 ORF 
1.7 kb 
5.3 kb. 
B. SamHI 
Maize cpnGOIj 
flamHI-
TRP! 
BamHI Ecofll SamHI 
G ALIO I maize cpnGOII 
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Table 6: Plasmid constructions 
YEpHSP60; Obtained from R.L, Hallberg ( 1 3 ) .  
The 5.3 kb EcoRl fragment of the Saccharomyces 
cerevisiae HSP60 genomic clone, containing the 
entire promoter and coding region of the gene, was 
cloned into the 2|i circle based shuttle vector 
YEp352. 
pcpn60IIaE; An EcoRl site was created in cpn60lla (Table 2) 
by site-directed mutagenesis 16 bp upstream of the 
normal start of translation. A 7 bp duplication of 
the nucleotides directly downstream of the new EcoRl 
site was created as an artifact of the site-directed 
mutagenesis. The additional nucleotides do not 
disrupt the immediate sequence context of the 
translational start site. 
pcpn60IIaEB; A SainHI site was created 100 bp downstream of 
the translational stop codon cpn60IIaE. Double 
digestion of cpn60lIaEB with EcoRl and BawRl yields 
a new EcoRl/Banmi fragment of 1.8 kb. 
pcpn60ll/lconv! cpn60IIaE was mutagenized by site directed 
mutagenesis to convert the cpnGOlI open reading 
frame 5' of the Kpnl site to a sequence encoding the 
cpn60l peptide. The putative cpn60I sequence was 
determined by examination of the cpn60l genomic 
sequence discussed in Chapter 5. The conversion of 
cpn60IIaE to cpn60ll/lconv is illustrated in figure 
23. 
pcpnSOIcE: cpn60Ib(Table 2) was digested with Kpnl and EcoRl, 
and the large 4.5 kb fragment which included the 
3' region of the cDNA and vector sequence was 
ligated to an 0.57 kb EcoRl/Kpnl 5' fragment of 
cpnGOII/Iconv containing sequence encoding the 
amino-terminal end of the cpnGOI polypeptide. The 
resulting cpn60IcE construct contains a cDNA 
fragment engineered to encode the complete cpn60I 
polypeptide. 
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Table 6 (continued) 
pcpneoIcEB; Site-directed mutagenesis was used to introduce a 
BairiHI site 159 bp downstream of the normal 
translational stop codon for cpnGOI. Double 
digestion of the resulting cpn60IcEB plasmid with 
EcoRl and BajnHI results in a new EcoRl/BawEI 
fragment of 1.86 bp. 
pFL3 9cpn60II : The 1.8 kb EcoRl/Bairmi fragment of cpn60IIaEB 
was ligated to a 0.69 BairiHI/EcoRI fragment of pBMlSO 
which contains the GALIO promoter. The resulting 
2.5 BajnHI fragment CGALlO-maize cpn60ll) was cloned 
into the BawHI polylinker site of the pFL39 yeast 
expression vector. The resulting FL39cpn60lI is 
diagrammed in figure 22B. 
Figure 25. Conversion of cpn60IIaE to cpn60ll/lconv. The 
oligonucleotide shown in A was used to facilitate 
the conversion of pcpn60lIaE to pcpn60II/Iconv 
by site-directed mutagenesis. The region of 
difference is illustrated in B. Nucleotides 
highlighted in bold type were changed to produce 
the necessary codon changes. C illustrates the 
amino acid sequence encoded by the region of 
pcpn60ll/lconv which was used for the chimeric 
construction of pcpnGOIc. D illustrates the 
assembly of pcpn60lcEB 
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CGGGAACAGCCTCGCCACTCGCCAG 3' 
B. cpnGOII amino acid sequence: 
cpn60II nucleotide sequence: 
cpn60I nucleotide sequence; 
cpn60I amino acid sequence: 
G S S S A A R 
GGGAGCAGCTCCGCCGCTCGC 
N i l  M M  M M  I  M l  
GGGAACAGCCTCGCCACCCGC 
G N S L A T R 
i i MYRAAASLASKARQAGSSSAARQVGSRLAWSRNYAAKDIKFGVEARALML 
.  M M M M M M M M  I  I  M  M  M  M  M  1 1 1  M  1 1 1 1  M  M  1 1  M  M  
i MYRAAASLASKARQAGNSLATRQVGSRLAWSRNYAAKDIKFGVEARALML 
i i RGVEELADAVKVTMGPKGRNWIEQSFGAPKVTKDGVTVAKS lEFKDRVK 
.  M M M I M M M M M M I M M M M M M M M M M M I I I M M I  
i RGVEELADAVKVTMGPKGRNWIEQSFGAPKVTKDGVTVAKS lEFKDRVK 
ii NVGASLVKQVANATNDTAGDGTTC 
M M M M M M M M M M M M  
i NVGASLVKQVANATNDTAGDGTTC 
D. 
5' 
cpnGOIcEB 
No' H3 H3 I 
EcoRI# Kpnl 
EcoRI/BamHI fragment 
H3 3' 
r 
BamHI# 
8 
'KVM'A Area of reconstruction * Translation start 
••i Clone from library # Site Introduced by mutagenesis 
200 bp. 
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Table 7 : Yeast culture media recipes 
ZED 
1 % Yeast extract 
2 % Glucose 
2 % Peptone 
2 % agar 
YPGal 
1 % Yeast extract 
2 % Galactose 
2 % Peptone 
2 % agar 
YPD/-Tryptophan/-Histadine/-Uracil 
0.67 % Yeast nitrogen base 
2 % Glucose 
2 % Peptone 
20 (ig/mL adenine 
20 |J.g/mL leucine 
2 % agar 
5-F0A/Galactose/-Trvptophan/-Histidine 
0.67 % 
2 % 
50 ^ig/itiL 
1 mg/mL 
20 |ig/mL 
20 jig/mL 
2 % 
Yeast Nitrogen Base 
Galactose 
Uracil 
5-FOA 
adenine 
leucine 
Agar 
Figure 26. The maize family II cpn60 cDNA was transformed 
into yeast. A plasmid shuffle using 5-FOA 
selection was employed to replace yeast hsp60 
with maize cpn60ll. Ten independent colonies of 
single cell origin were recovered in which maize 
cpn60ll gene product is properly imported into 
the yeast mitochondria and processed to the 
correct size mature protein. Maize cpn60ll 
protein was capable of sustaining yeast cells in 
the absence of yeast hsp60 protein 
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Maize cpn60ll complementation of 
5. cerevîsiae hsp60 
aW303AHSP60 haploid strain 
hsp60::HIS3 null allele + YEpHSP60 
YEpHSPeO 
YEpHSPGO 
Yeast hspBO 
(hsp60 promoter + ORF) 
FL39cpn60ll 
QallO Promoter 
Zea mays 
cpneoil 
- TRP 
- HIS selection 
Y - URA 
FL39cpn60ll 
pFL39cpn60li 
1+ galactose I- TRP 
K S-FOA (Selection against 
URA3 containing plasmid) 
10 Independent clones 
Isolated 
30°C, glucose^ 30°C, galactose 38°C, galactose 
no growth Uve slowed growth 
Figure 27. Top photo: aW303AHSP60 strains containing 
pFL39cpn60II were grown at 23°C on YPGal. 
Cultures were replica-plated and transferred to 
either 23°C, 30°C, or 38°C. The 38°C cultures 
show very little growth indicating a temperature 
sensitive phenotype. Bottom photo: Colonies of 
a W303AHSP60 : zjncpn60II0 transformants selected on 
YPGal containing 5-FOA were replica plated on YPD 
and YPGal media. Cultures exhibit normal growth 
on YPGal. No growth was noted on YPD. Note: 
a W303AHSP60 (which contains YEp352hsp60) grows 
well in YPGal liquid or solid media at 23°C, 30°C 
and 38°C with no significant differences 
(Personal communication, R.L. Hallberg, data 
not shown) 
aW303AHSPG0::HIS3 
pFL39GALJ 0/Z.m. HSP60 
Galaclosc 
Figure 28. Top photo: Immunoblot of yeast and maize 
proteins probed with yeast hsp60 antibodies. 
Lane 1. total maize protein 
Lane 2. transformed yeast grown on YPGal 
Lane 3. same as lane 2, but cells were 
transferred to YPD for 30 hours 
Lane 4. total wild type yeast (approx. 1/5 
amount protein) 
Lane 5. total maize protein 
Lanes 6-9 four other transformants 
The expression of the maize cpn60II protein is 
dependent upon the absence of glucose in the 
medium as seen in lane 2 compared to lane 3. 
Yeast hsp60 antibody is many-fold more reactive 
to yeast hsp60 than the maize homologue 
Bottom photo: A Coomassie stained gel of the 
proteins in lanes 1 through 4 in immunoblot 
shown in top photo Lane 4 contains approximately 
one-fifth the amount of total protein (~ 5 |ig) 
contained in lanes 1, 2 and 3 (~ 25 |ig) 
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7. IN VIVO AND IN VITRO EXPRESSION PATTERNS OF HT-CPN60 
Introduction 
Maize mitochondrial cpnGO protein is heat inducible in a 
manner similar to that shown for Tetrahymena thermophila and 
Saccharomyces cerevisiae hsp60 (16). This suggests an 
important role for this protein in stabilizing or reassembling 
mitochondrial macromolecular complexes under hyperthermic 
conditions. The level of maize hsp60 protein is also 
developmentally regulated (16). At imbibition and early 
stages of shoot development when mitochondrial biogenesis 
might be expected to be maximal (16), the levels of hsp60 
increase relative to other mitochondrial proteins. As 
seedlings mature, levels of hsp60 decrease. This parallels 
the observation that hsp60 protein levels are higher in the 
eggs and embryonic tissues of Xenopus laevis than in the cells 
of adult tissues (2). Since hsp60 is implicated in 
facilitating the proper folding of matrix proteins, it follows 
that during periods of increased mitochondrial biogenesis, 
demand for mitochondrial hsp60 increases due to the increase 
of rapid macromolecular assembly processes. The chaperonin 60 
accumulated in the mitochondria of cells during early 
development may be due to an increased requirement for their 
'chaperonin' functions during periods of rapid growth. 
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Mitochondrial chaperonin 60 could also play a role sustaining 
normal mitochondrial metabolism under conditions such as water 
or salt stress, hypo- or hyper-thermic temperature shifts, 
wounding or disease. 
The aim of the experiments described in this chapter was 
to assess relative levels of cpn60I and II expression in wild-
type and transgenic maize cells and tissues. Gene specific 
probes for cpnSOI and cpnGOII were used to distinguish mRNA 
species for each gene on RNA blots. Chimeric plasmids were 
constructed which fused maize mitochondrial cpn60I or II 
promoters and mitochondrial targeting presequences to GUS or 
Luciferase reporter genes. These expression vectors were used 
to determine relative levels of expression of the two genes in 
the mitochondria of maize callus cells. 
Materials and Methods 
Rim isolation and detection 
Total RNA was isolated from various maize tissues as 
described by Chômezynski and Sacchi (148) for all tissues 
except etiolated seedlings. Etiolated seedling tissue is high 
in starch and the lysis buffer from the procedure of Shure, 
Wessler and Federoff (135) was used for RNA extraction. 
Tissue was placed directly in liquid nitrogen after collection 
and either used immediately for RNA isolation or stored at 
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-80°C until use. Five grains or less of plant tissue was 
ground to a fine powder in liquid nitrogen with a mortar and 
pestle pre-cooled in liquid nitrogen. Powder from plant 
tissue was added to lysis buffer and mixed well. The remainder 
of the isolations were according to protocols cited above. 
B73 seedlings used for heat and cold shock expression 
studies were grown in the dark for 69 hours then placed into 
300 ml 10"5 M calcium chloride buffer (171) in flasks pre-
equilibrated to 4°C, 24°C and 39°C. Flasks were gently-
agitated on rotating platforms in the dark for 4 hours. 
Embryonic axes including scutellum were quickly dissected from 
the surrounding endosperm and kernel tissue and quick frozen 
in liquid nitrogen for RNA isolation. 
Embryonic axes including scutellar tissue was collected 
at 24, 48, 72 and 96 hours following imbibition. B73 seeds 
were placed upon germination toweling saturated with water, 
rolled in waxed paper sheets, placed upright in racks in which 
the ends of the rolls were immersed in water. Seeds were 
incubated in the dark at 24°C and collected at the time 
periods noted above. 
RNA was separated by formaldehyde agarose gel 
electrophoresis for 4 hours at 80V (116). Each lane of the 
formaldehyde gel contained approximately 10 |ig of total RNA, 
mixed with formamide/formaldehyde loading buffer containing 
ethidium bromide and bromophenol blue (116), and denatured 15 
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min. at 65°C. RNA amounts were adjusted for equal loading 
based upon relative concentration of rRNAs visualized by 
ethidium bromide staining. RNA was transferred by capillary 
blotting using a BIOS® blotting apparatus onto nylon membrane 
(HiBond-Nfp, Amersham). Membranes were air-dried and 
crosslinked by 254 nm ultraviolet light for 30 seconds in a 
Stratalinker UV crosslinker (Stratagene). 
The RNA blot pictured in Figure 32B was obtained from Pam 
Cooper, University of Missouri-Columbia. Each lane contains 
approximately 10 p,g of total RNA from maize B73 root tissue, 
heat-shocked B73 root tissue (3 hours, at 40''C in 10"^ m 
calcium chloride buffer) (171), M017 mature pollen, WF9 mature 
pollen, CM37 mature pollen, or Tn232 mature pollen. This 
membrane had been previously hybridized to a maize actin 
radiolabeled probe by Dr. Cooper to check for equal loading 
and the integrity of the pollen RNA. The membrane was 
stripped of the radiolabeled actin probe and provided to us 
for hybridization with cpnSOIa. Hybridization of this 
membrane was done according to the methods outlined below. 
Blots were incubated for a minimum of 5 hours at 65°C in 
the same prehybridization solution used for Southern 
hybridization described in Chapter 4. Prehybridization 
solution was removed and replaced with hybridization solution 
(described in Chapter 4) containing denatured radiolabeled DNA 
probe and incubated overnight at 65®C. 
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Membranes were washed with IX SSC, 0.1% SDS at room 
temperature twice for 20 minutes, then washed at 65°C twice 
for 20 minutes in 0.2X SSC, 0.1% SDS. Membranes were blotted 
dry and used for autoradiography. Probes used are described 
below. 
cpn60I and cpnSOll aena specific probes 
The polymerase chain reaction (PGR, ®Hoffmann-LaRoche) 
(172) was used to amplify and isolate selected 3-prime regions 
of the cpn60I and cpn60II cDNAs which differed by 66% in 
nucleotide sequence homology. These sequences are shown in 
Figure 29. Synthetic oligonucleotide primers were used to 
prime the PGR reactions. Reaction conditions were as follows: 
2.5 min. 94°G.; 45 cycles of: 30 sec. at 94°G., 45 sec. at 60 
°C., 2 min. at 72 °G.; 10 min. at 72 °C on a Ericomp® 
thermocycler. PGR fragments were separated from primers by 
TAE agarose gel electrophoresis and purified with GeneGlean® 
reagents (BIO 101). Purified PGR fragments were used as 
template for a second round of amplification and product was 
purified as described. 
Single-stranded radiolabeled DNA probes were generated 
using double-purified fragments from PGR reactions described 
above as templates for primer extension labeling. The 
protocol used previously for random hexamer priming (127) was 
modified for use with a synthetic nucleotide primer (shown in 
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Figure 29) of specific sequence complementary to sequence at 
the 3' end of the gene-specific amplified cDNA fragment. The 
reaction conditions were as follows: 0.5 |il of 40 |JM primer, 
1 |ll of 20 ng/^1 template, 10.5 jll sterile distilled water 
were mixed and heated to 98°C for 3 minutes. 20 jxl of a 
mixture of all four 32p-labeled deoxyribonucleotides (10 
|XCi/ml, ICN Biomedical), 8 (il of oligonucleotide labeling 
buffer (without deoxyribonucleotides), and 1 |il Klenow enzyme 
(5 U/fll, Boehringer-Mannheim) were added. The reaction 
mixture was incubated for 3 hours at 24°C. One microliter of 
the reaction mix was retained, and the remainder was purified 
on a packed G-50 Sephadex (128) column. To determine the 
efficiency of labeling and specific activities of the two 
probes, 1 p.1 of reaction mix and 1 p,l of purified probe were 
counted on a scintillation counter. Equal amounts (cpm) of 
each probe labeled to similar specific activity were used in 
comparative hybridization experiments. Purified probes were 
mixed with 1 ml of distilled water and denatured at 98°C for 4 
minutes prior to addition to the hybridization buffer. 
Specificity was tested by Southern hybridization of both gene-
specific probes to cpnSOI and cpnGOII probe template DNA and 
to cpnëOIb and cpnGOIIa plasmid DNA digests (Figure 30). 
Total maize mt-cpn60 gene expression was determined by 
use of a radiolabeled probe prepared by random hexamer priming 
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from the EcoRI/Kpnl fragment of pcpn60lla described in Table 
2 .  
Expression vector construction 
Vectors used in particle gun bombardment were constructed 
using the general methods described in Chapter 3. Individual 
plasmid constructs are described in Table 8. Additional 
expression vectors used are described in Table 9. Expression 
vector constructs are illustrated in Figure 31. Vector content 
varied in mt-cpn60 gene sequence, reporter gene, presence of 
mitochondrial targeting sequence, and the presence of an 
upstream maize Adhl intron. 
Particle aim bombardment 
Transient expression assay conditions Embryogénie 
suspension cells (initiated from a hybrid between W23 and a 
Pioneer Hi-Bred derivative of B73; provided by S. Maddock) 
were used for transient expression assays. Suspension 
cultures were initiated from type II callus and maintained in 
low light at 30° C in Murashige and Skoog (MS) based medium 
(173) containing 2 mg/liter 2,4-dichlorophenoxyacetic acid. 
Twenty-four hours following subculture, cells were sieved 
through a 710 |xm screen and separated from culture fluid by 
filtration in a Bûchner funnel. Cells were resuspended at a 
density of 25 mg/ml in fresh culture medium containing 0.25 M 
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mannitol and incubated overnight under normal culture 
conditions (174). One ml of cells were pipetted onto 2 
filters (Qualitative Grade 363, Baxter Scientific Products) in 
60 X 20 petri dishes. Cells were bombarded using the PDSIOOO 
helium gun as described by the manufacturer (DuPont). Micro 
discs of 650 p.s.i. strength were used to ensure uniform 
pressure of delivery for suspension cells; 1000 p.s.i. discs 
were used for anther bombardment. Three plates per treatment 
were bombarded. Filters were placed on solid support media 
immediately following bombardment. Support media was similar 
to maintenance medium described above, but contained 5 g/liter 
proline (175) . Cells were incubated at 24°C for 20 hours and 
harvested for reporter protein assays. 
Anthers from inbred W22 were isolated at the quartet 
stage (as determined by light microscopy) and bombarded with 
pPHl460 or pcpn60IB;:GUS or pcpn60IIJ::GUS. DNA preparations 
were as described below. Anthers were incubated for 18 hours 
at 28°C following bombardment and harvested for GUS 
fluorometric assay. Anther expression experiments were done 
in collaboration with Vicky Phillips and Gary Huffman, Pioneer 
Hi-Bred International, Inc. 
DNA preparations Expression vector plasmid DNA was 
prepared with Nucleobond X-100 columns (Nest Group®) . Ten 
micrograms of plasmid DNA was precipitated (174) onto 0.75 mg 
of 1.8 |im tungsten particles (General Electric) and each plate 
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of prepared cells was bombarded with one-sixth of this 
mixture. 
Stable transformation conditions Black Mexican Sweet 
Corn cell cultures {BMS-S, obtained from Dave Somers, 
University of Minnesota) were used to prepare stable 
transformed cell lines containing pcpn60lA::GUS, 
pcpn60lB::GUS, pcpn60IIG::GUS, and pcpn60IIJ::GUS. 
Transformants containing pPHI264 {CaMV35S::GUS) were isolated 
for use as expression controls. 
Each of the vectors listed in the previous paragraph was 
mixed in a 1:1 (w/w) ratio with the plasmid pPHl610 
(CaMV35S::BAR) containing the selectable marker gene BAR 
(176). This gene confers resistance to the herbicide BASTA® 
or the chemical derivative Bialophos®. Treatment with 
Bialophos® enables transformed cells to be selectively 
isolated from non-trans formed cells. A total of 10 |ig of DNA 
from these mixtures was used to prepare the tungsten particles 
for bombardment as described for transient expression 
experiments. Co-transformation of the vector of interest and 
the vector containing the selectable marker usually results in 
a high percentage of selected cultures containing both 
plasmids. Cells were incubated in the dark for 48 hours 
following bombardment. Filters were then transferred to media 
containing 3 mg/liter Bialophos® and incubated in the dark at 
30°C. Clumps of growing callus tissue were isolated and 
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removed to individual plates beginning 4 weeks following 
placement under selection. Colonies were subsequently 
maintained on selective medium and transferred to fresh medium 
every 2 weeks. Suspension cultures were initiated as soon as 
suitable amounts of friable callus tissue were produced for 
each isolate. Cultures were maintained in liquid MS-based 
medium containing 2 g/liter 2,4-D and 3 mg/liter Bialophos® 
shaking at 30°C, and subcultured every 7 days. 
Reporter aena aaaava 
GUS staining and assay procedures Tissues to be 
assayed were homogenized in 0.2 ml of GUS lysis buffer without 
detergent (177) and cleared by centrifugation. Protein 
concentrations were determined by a modified Bradford assay 
using a Biorad assay kit. 
Expression of GUS protein was determined fluorometrically 
by the microtiter plate based assay described by Rao and Flynn 
(177) using a 60-minute incubation time at 37°C. Data were 
expressed as fluorescence units (FU) per |ig protein. GUS 
activity was determined histochemically by staining in a 
solution containing 5-bromo-4-chloro-3-indolyl glucuronide (X-
gluc.) (178) for 16 hours at 37°C and blue color was 
visualized with or without magnification. 
Luclferase assay procedures Tissues.for luciferase 
assay were harvested and homogenized as described above in GUS 
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assay buffer without detergents and cleared by centrifugation. 
Luciferase levels were determined as described by Callis et 
al. (179) using a 10-second integration time on an Analytical 
Luminescence luminometer (model 2010). Data were expressed as 
Light Units (LU) per |ig protein. 
Electron microacopv localization of maize cpn60I and II 
Electron microscopy and cytochemistry was performed at 
the Iowa State University Electron Microscopy Facility. 
Techniques for fixation, embedding, sectioning, and general 
specimen preparation are described by Wagner and Horner (180), 
and Berlyn and Miksche (181). 
Cvtoloaical staining of tissue Cells from several of 
the BMS-S transformed lines were partially fixed in 
glutaraldehyde, allowed to react with X-gal substrate and 
subsequently washed, fixed and embedded according to methods 
described in the following paragraph. Ultra-thin sections 
were examined by transmission electron microscopy (TEM) for 
the presence of the electron dense X-gal reaction product. 
Cells were collected 48 hours following subculture. 
Cells were allowed to settle and tissue culture medium was 
removed. Initial fixation was for 15 min at room temperature 
in freshly prepared 0.5% glutaraldehyde in 50 mM sodium 
phosphate (pH 7.0). Tissue was rinsed five times in sodium 
phosphate buffer (pH 7.0) for 2-3 minutes per change. McCabe 
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stain (178) was added in amounts sufficient to cover cells, 
which were then incubated for 8 hours at 37°C in the dark. 
Cells were washed in sodium phosphate buffer to terminate the 
reaction, and placed in 3% glutaraldehyde in phosphate buffer. 
Cells remained in fixative for 2 hours at room temperature on 
a rotator. Cells were dehydrated in a graded series of 
ethanol solutions as follows: 25%, twice for 30 min.; 50%, 
three times for 15 min.; 70%, three times for 15 min.; 95%, 
three times for 15 min. followed by an overnight incubation; 
and 100%, three times for 15 minutes. Cells in the 100% 
ethanol solution were mixed in a 1:1 ratio with LR White resin 
(London Resin Company Limited-Polysciences) for 30 minutes on 
a rotator. This solution was replaced with pure resin 
overnight. Cells underwent three additional exchanges with 
pure resin accompanied by overnight infiltration. LR White 
infiltrated tissue was placed at the bottom of a gelatin 
capsule in a small amount of resin. The capsule was filled to 
the top with resin, sealed with a lid and placed in a 60°C 
oven for 48 hours to complete polymerization. The procedures 
described above for detection of GUS reaction products by 
transmission electron microscopy are adapted from the methods 
described by Craig and by Stomp (182, 183) . 
Ultrathin (60-80 nm) sections containing maize suspension 
culture cells were cut with a diamond knife and placed on 400 
micron mesh, uncoated copper grids. Sections were examined 
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under a Jeol transmission electron microscope either without 
contrasting stain, or following staining with lead acetate for 
less than 1 min. GUS reaction product is crystalline and 
electron dense and can be identified by TEM under these 
conditions. 
Results 
Steady state RNA levels 
Northern blots containing total maize RNA preparations 
were used to determine the pattern of mt-cpn60 expression in 
various tissues and under different environmental conditions. 
Figure 32A shows that the expression of maize cpn60 mRNA 
is developmentally regulated in young seedlings. Levels are 
high in newly imbibed embryonic axis (24 hrs) and decrease as 
seedlings age (48, 72 and 96 hrs). Expression decreases to a 
low level of constitutive expression by the age of 8 days 
after imbibition. This pattern of expression correlates with 
the reported levels of cpn60 protein during development of 
maize seedlings (16) . RNA steady state levels in young 
seedlings also increase several fold in response to cold and 
heat shock treatments. These expression patterns are 
illustrated in Figure 32A. Figure 32B shows the heat 
inducibility of cpn60 in B73 root tissue and the absence of 
cpnSO message in the mature pollen of four different inbreds. 
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Gene specific probes were used to determine if the two 
cpn60 genes are differentially regulated during development 
and under conditions of stress. Specificity of hybridization 
of the gene specific probes to the cpn60I and cpn60ll cDNA 
plasmid clones is illustrated in Figure 30. 
Gene specific hybridization of B73 seedling and embryo 
RNA (Figure 33) shows some level of differential control of 
gene I and gene II transcription overlying the basic 
expression pattern common to both genes. cpn60II is regulated 
to a greater degree during seedling early growth and 
germination. An increase in expression is evident for both 
genes during conditions of heat stress, however a larger 
increase is observed for cpn60l. Cold induced elevation of 
transcript expression is evident only for gene I. Gel loading 
of RNA was normalized to ribosomal RNA (as visualized by 
ethidium bromide staining) and maize actin RNA (as visualized 
by hybridization). 
Transient expraaaion assays 
Transient gene expression assays in maize embryogenic 
suspension cells were used to test the relative strength of 
the cpn60I and cpn60II promoters in vivo. Constructs 
contained promoter sequences from maize cpn60I and cpnSOII 
genomic clones with and without mitochondrial targeting pre-
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sequence, endogenous or Adhl intron sequences fused to either 
the Luciferase or GUS reporter gene (Table 8; Figure 31). 
Transient expression assays with these same constructs 
were also used to determine the relative strength of the 
cpnGOI and II promoters in maize anther tissue under normal 
and high temperature conditions. 
Data for relative GUS expression levels for the various 
constructs in embryogenic suspension cells are summarized 
Table 10 and illustrated in Figure 34. Comparable constructs 
for cpnSOl and cpnGOlI which contain the mitochondrial 
targeting sequence show higher levels of expression for 
cpn60ll than cpnGOI. Removal of the transit sequence 
increases overall expression but reduces cpnGOlI expression 
relative to cpnGOI. 
Transient expression of the luciferase constructs 
followed the same trend with regard to relative cpnGOI and 
cpnGOlI expression, but the presence of a mitochondrial 
targeting pre-sequence severely compromised the levels of 
luciferase activity produced. Luciferase expression data are 
summarized in Table 11 and illustrated in Figure 35. 
Luciferase is normally targeted to the peroxisomes of cells 
(184, 185). Removal of the mitochondrial targeting pre-
sequence from the constructs restored luciferase expression to 
levels comparable to similar constructs containing the GUS 
reporter gene (Figure 34B). 
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Cpn60II promoter-presequence-GUS fusion constructs showed 
a higher level of expression in anther tissue selected at the 
quartet stage than did similar cpn60I constructs. cpn60l-GUS 
expression was only slightly above background in these 
experiments. cpn60I-GUS expression showed a two-fold increase 
of expression after a 30 minute heat-shock treatment at 42°C 
followed by overnight incubation at 28°C. GUS expression 
levels returned to normal following a 3 hour heat-shock 
treatment at 42°C followed by overnight incubation at 28°C. 
cpn60lI-GUS showed no significant increase following the 30 
minute heat-shock treatment and GUS expression decreased 
following the 3 hour heat-shock treatment. CaMV35S::GUS 
showed considerable heat shock induction as well. The data 
for transient expression of GUS in anther tissue are presented 
in Table 12 and illustrated in Figure 36. 
EM localization of X-aal reaction product mitochondria 
Stable BMS transformants containing either cpn60lA::GUS 
or cpn60lIJ;:GUS were used to identify the subcellular 
location of the GUS reaction product. These constructs 
contain in-frame fusions of the GUS protein to the putative 
mitochondrial targeting presequences of either cpn60l or 
cpnGOlI. Localization of the GUS/X-gluc reaction product to 
the mitochondria is illustrated in Figure 37, Crystalline, 
electron dense reaction product is deposited preferentially in 
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the mitochondria of BMS-S cells containing the cpn60lI:GUS 
fusion protein. Control treatments included BMS-S cells 
which contained no GUS protein, and cells which contained the 
CciMV-35S :GUS plasmid. The CaMV-35S:GUS transgenic strain was 
included as a positive control for GUS expression and a 
negative control for mitochondrial targeting. CaMV-35S:GUS 
cells show reaction product scattered throughout the cytoplasm 
of the transgenic BMS-S cells. Untransformed BMS-S cells show 
no reaction product (data not shown). 
Summary 
Maize mitochondrial cpn60 is regulated at several levels. 
The two maize cpn60 genes share a similar basic pattern of 
expression upon which is superimposed differences unique to 
each gene. cpnSOl appears to be the most affected by heat 
shock and alone responds to conditions of cold shock. The 
induction of mt-cpn60 expression by low temperature has not 
been reported for other organisms. cpn60II is more sensitive 
to the developmental stage of early seedlings. The same basic 
pattern of high expression in early seedlings that is slowly 
reduced to a basal constitutive level in older seedlings is 
observed in both genes, although this progression is more 
extreme for cpnGOII. A cpn60 message was not detectable in 
mature pollen of four maize inbreds screened. It is not known 
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if int-cpn60 protein is detected in mature maize pollen. Hopf, 
et al. reported very low levels of mRNA for hspVO and hspl8 in 
maize pollen under normal and heat stress conditions (186). 
Earlier studies (187) had shown that typical hsps could not be 
induced in heat-stressed mature maize pollen. However, two 
novel proteins were found to be heat-inducible in maize mature 
pollen. Hsp70 and Hspl8 messages and proteins were present 
and highly heat inducible through the uninucleate stage of 
maize pollen development, but were absent in mature pollen. 
This result is consistent with our results which found cpn60 
transcriptional activity and heat inducibility in anther 
tissue at the quartet stage, but no detectable message in 
mature pollen. It appears that the heat shock response of 
mature pollen may follow a unique program which does not 
significantly involve the major hsp families. 
Transient expression studies correlate with northern blot 
data which suggest that cpn60ll overall expression is slightly 
higher than cpn60l. Expression of cpn60l and cpnSOII promoter 
and mitochondrial presequence containing GUS vectors is 
approximately 10 to 15 percent the level of CaMV35S::GUS 
expression. These data show slightly higher expression of 
cpn6Oil-promoter-presequence constructs than cpnGOI. The 
correlation between the transient expression results and 
northern blot data, suggest that differences.between cpn60I 
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and cpn60II expression are dictated by differences in their 
promoter and/or mRNA leader sequences. 
Vectors lacking mitochondrial presequence express GUS at 
levels approximately 20 to 35 percent of CaMVS35-driven 
expression. cpn601-promoter driven expression is higher than 
expression driven by the cpn60II-promoter. Luciferase vectors 
are severely compromised by the presence of the mitochondrial 
targeting sequence, but the same trends in expression are 
evident. 
GUS activity is primarily confined to the mitochondria of 
cells stably transformed with cpn60::GUS fusion constructs. 
This finding supports the hypothesis that the cpnGOl and II 
presequences encode mitochondrial targeting peptides. 
Experiments in yeast (Chapter 6) demonstrated that the cpn60II 
cDNA encodes a functional mitochondrial chaperonin 60. The 
plant transgenic experiments described in this chapter show 
that both cpn60I and cpn60ll presequences target each protein 
specifically to the mitochondria of maize. 
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Table 8: Expression vector constructs for plant tissue 
transformation 
pcpn60ISP-Nl; Site directed mutagenesis was used to introduce 
a Ncol restriction site into cpn60ISP (Table 3) at 
position 1862. This site corresponds to the 
beginning of the codon encoding the fifth amino acid 
residue downstream of the mitochondrial targeting 
peptide cleavage site. 
pcpn60ISP-N6: Site directed mutagenesis was used to introduce 
a Ncol restriction site into cpn60lSP at position 
1856. This site corresponds to the beginning of the 
codon encoding the third amino acid residue 
downstream of the mitochondrial targeting peptide 
cleavage site. 
pcpn60lSP-N624; Site directed mutagenesis was used to 
introduce a Ncol restriction site into cpn60ISP at 
position 1056, 12 bp upstream of the translational 
start site of cpn60l. 
pcpn60lA:GUS; The 1.86 kb Sall/Ncol fragment containing maize 
cpn60I promoter sequence and sequence encoding the 
mitochondrial targeting peptide from cpn60lSP-Nl was 
fused at the ATG to the 1870 bp fragment encoding P 
-galactosidase (GUS) (188). The 
expression vector contained the termination sequence 
of the potato pinll gene (+2-+310)(189) 
downstream of the GUS sequence and a pUC18 backbone. 
This fragment includes the first intron of the 
cpn60I gene. 
pcpn60lB:GUS: The 1.86 kb Sall/Ncol fragment containing maize 
cpn60I promoter sequence and sequence encoding the 
mitochondrial targeting peptide from pcpn60ISP-N6 
was cloned upstream of the GUS gene as described for 
cpn60IA:GUS. This fragment includes the first intron 
of the cpn60I gene. 
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Table 8 (continued) 
pcDn60IC;Luciferase; The 1.86 kb Sall/Ncol fragment 
containing maize cpn60I promoter sequence and 
sequence encoding the mitochondrial targeting 
peptide from cpn60ISP-Nl was cloned upstream of the 
coding region of the firefly luciferase protein (+53 
to +1708) (190) producing an 
in-frame fusion construct. The expression vector 
also contained the pinll termination sequence and a 
pUClB backbone. This fragment includes the first 
intron of the cpn60I gene. 
pcpn60ID:Luciferase; The 1.86 kb Sall/NcoI fragment 
containing maize cpn60I promoter sequence and 
sequence encoding the mitochondrial targeting 
peptide from cpn60ISP-N6 was cloned upstream of the 
luciferase gene as described for cpn60IC:Luciferase. 
This fragment includes the first intron of the 
cpn60I gene. 
pcpn60IF;GUS: The 1 kb Sall/Ncol fragment containing maize 
cpn60l promoter sequence from cpn60lSP-N624 was 
fused in-frame to the GUS gene in an expression 
vector as described for pcpn60IA:GUS. No intron 
sequence was present in this construct. 
PCPn60IE;Luciferase: The 1 kb Sall/Ncol fragment containing 
maize cpn60I promoter sequence from cpn60lSP-N624 
was fused in-frame to the Luciferase gene in an 
expression vector as described for 
cpn60IC:Luciferase. No intron sequence was present 
in this construct. 
I 
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Table 8 (continued) 
pcpn6010 ; Lucif erase; This vector contains maize cpn60l 
promoter sequence, the first intron (579 bp) of the 
maize Adhl-S gene (191) and the 
Luciferase reporter gene. cpn60IQ:Luciferase was 
constructed as follows: cpn60lE:Luciferase was 
digested with Ncol. The resulting 5' 4 bp overhang 
(containing the ATG) was removed by digestion with 
mung bean nuclease. The vector was subsequently-
digested with Kpnl and the resulting fragment 
(containing the plasmid backbone, pinll termination 
sequences and the cpn60l promoter sequence) was 
fused to a fragment containing the Adhl intron 
upstream of the firefly Luciferase gene. 
pcpn60IS:GUS: This vector contains maize cpnGOI promoter 
sequence, the first intron of the maize Adhl-S gene 
and the GUS gene. cpn60IS:GUS was constructed by 
replacing the Luciferase gene of cpn60lQ:Luciferase 
with the GUS gene. 
pcpn60lIEH-N25: Site directed mutagenesis was used to 
introduce a Ncol restriction site at position 1442 
of cpnSOlIEH (Table 3). This site corresponds to 
the beginning of the codon encoding the fifth amino 
acid residue downstream of the mitochondrial 
targeting peptide cleavage site. 
pcpn60IIEH-N32: Site directed mutagenesis was used to 
introduce a Ncol restriction site into cpn60lIEH 
(Table 3) at position 1436. This site corresponds 
to the beginning of the codon encoding the third 
amino acid residue downstream of the mitochondrial 
targeting peptide cleavage site. 
pcpn6QIIEB-N628; Site directed mutagenesis was used to 
introduce a Ncol restriction site into cpn60IIEB at 
position 892, 8 bp upstream of the translational 
start site of cpnGOII. 
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Table 8 (continued) 
PCDn60IIG;GUS; The 1.4 kb EcoRl/Ncol fragment containing 
maize cpnGOII promoter sequence and sequence 
encoding the mitochondrial targeting peptide from 
cpn60IIEH-N25 was cloned upstream of the GUS gene as 
described for cpn60IA:GUS. This fragment includes 
the first intron of the cpn60II gene. 
pcpnSOIIJ:GUS; The 1.4 kb EcoRI/Ncol fragment containing 
maize cpnGOII promoter sequence and sequence 
encoding the mitochondrial targeting peptide from 
cpn60IIEH-N32 was cloned upstream of the GUS gene as 
described for cpn60IA:GUS. This fragment includes 
the first intron of the cpn60II gene. 
pcpn60lIH;Luciferase ; The 1.4 kb EcoRI/Ncol fragment 
containing maize cpnGOII promoter sequence and 
sequence encoding the mitochondrial targeting 
peptide from cpn60IIEH-N25 was cloned upstream of 
the luciferase gene as described for 
cpnSOIC:Luciferase. This fragment includes the 
first intron of the cpnGOII gene. 
pcpn60lIK;Luciferase; The 1.4 kb EcoRl/Ncol fragment 
containing maize cpn60II promoter sequence and 
sequence encoding the mitochondrial targeting 
peptide from cpn60IIEH-N32 was cloned upstream of 
the luciferase gene as described for 
cpn60IC:Luciferase. This fragment includes the first 
intron of the cpnGOII gene. 
pcpn60IIL;GUS: The 892 bp EcoRI/NcoI fragment containing 
maize cpn60II promoter sequence from cpn60IIEB-N628 
was fused in-frame to the GUS gene in an expression 
vector as described for cpn60IA:GUS. No intron 
sequence was present in this construct. 
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Table 8 (continued) 
pcpn60lIP;Luciferase: The 892 bp EcoRl/Ncol fragment 
containing maize cpn60ll promoter sequence from 
cpn60lIEB-N628 was fused in-frame to the Luciferase 
gene in an expression vector as described for 
cpn60lC:Luciferase. No intron sequence was present 
in this construct. 
pcpn60IIR:Luciferase; This vector contains maize cpn60ll 
promoter sequence, the first intron of the maize 
Adhl-S gene and the Luciferase reporter gene. 
cpn60lIR:Luciferase was constructed from 
cpn60IIP;Luciferase in the same manner as described 
for cpn60IQ:Luciferase. cpnSOIIP:Luciferase was 
digested with Ncol. The resulting 5 ' 4 bp overhang 
was removed by digestion with mung bean nuclease. 
The vector was subsequently digested with Kpnl and 
the resulting fragment was fused to the Adhl intron 
and the Luciferase gene. 
pcpn60IIT:GUS: This vector contains maize cpnSOII promoter 
sequence, the first intron of the maize Adhl-S gene 
and the GUS gene. cpn60IIT:GUS was constructed by 
replacing the Luciferase gene of cpn60IIR:Luciferase 
with the GUS gene. 
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Table 9 : Expression vectors from Pioneer Hi-Bred 
International, Inc. 
DPHI264; A Pioneer Hi-Bred International, Inc. monocot 
expression vector containing an enhanced CaMV 35S 
promoter (nucleotides -421 to +2, repeating -421 to 
-90 in tandem, (192), the 
tobacco mosaic virus (TMV) leader (79 bp 
Hindlll/Sall fragment)(193), 
intron 1 from the maize Adhl gene 
(191), the GUS coding region 
(188) and the termination 
sequences from the potato pinll gene 
(189) in a pUC18 backbone. 
PPHI460: A Pioneer Hi-Bred monocot expression vector 
containing a CaMV 35S promoter (nucleotides -421 to 
+2), intron 1 from the maize Adhl gene, the GUS 
coding region, and a 281 bp fragment (nucleotides 
420 to 695) containing the polyadenylation site from 
the Agrobacteriwn tumifaciens nopaline synthase 
gene(194) in a pUC18 backbone. 
DPHI1528: A Pioneer Hi-Bred monocot expression vector 
containing an enhanced CaMV 35S promoter, intron 1 
from the maize Adhl gene, the coding sequence for 
firefly Luciferase(190), and the 
pinll termination sequences in a pUC18 backbone. 
PPHI610: A Pioneer Hi-Bred monocot expression vector 
containing an enhanced CaMV 35S promoter, intron 1 
from the maize Adhl gene, the coding sequence for 
the BAR gene(nucleotides +1 to 835) 
(176), and the pinll 
termination sequences in a pUC18 backbone. 
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11 GGCTCCAGCAATGGGT...GGCATGGGTGGAATGGATTACTAA... GTGT 
M I I M M I I I M M I  M M I I I I I M  I M I I I I I I I M  I  
I GGCTCCAGCAATGGGTGGCGGCATGGGTGGCATGGATTACTAATGCATCA 
. .Primer 23A. . 
II CAAGCACACCCA 
I I  M M  I I  
I CACCCACATACACATCAATGCAGGTTTTTTTTTAGCGGTGAAGTTCATCT 
..Primer 13A 
II CQATACAACAACATC AAAGCAG AGATGACG 
M  I  M l  I I I !  I  I  M i l l  I  
I TCACTGTTTAGCGGTGCAAGTTCATCTCTACTGTATTTTGTTCGATGATG 
II AGGTGGTTGTCAGGAGGATACAATTTTGAGGCTGCGGACGTAGGACCTCA 
I M M M M M M I  I M I M I  M M I M  M  M  1 1 1  M  1 1 1  M  M  I  M  
I AGGTGGTTGTCAGGCGGATACAGTTTTGAGTCTGCGGACGTAGGACCTCA 
II ATATCTCCAAGCAATAGTGGGGGGATAATAAACATGAGCAGTAGTT 
I  M  I I  M M I M  I  I  M I M M I  M M  I M M M I  
I CAATAGTTCCAAACGGAATAGTGTGAGAATAATAAATATGAACAGTAGTT 
Primer 13B 
II GTTTGAGATCTGAAGCTGTAGATCAAGATTGGATTCTGACACCTTGTGCT 
I M I M I  M  I  I  
I CTTTGAGAAAAAAAAAAAAAAAAA 
11 GAACCAAGTGTAGTCTGATTATTACACATTTTTTGGCTGAGTAAAATCGG 
Primer 23B 
II ATTGCCGTTCTGTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
Figure 29. Sequence alignment of the 3' untranslated 
sequences of cpn60I and cpnGOII cDNA clones. The 
sequences marked correspond to oligonucleotide 
primers used to isolate templates for gene 
specific probes. Sequence homology in this 
region is only 66% 
Figure 30: Left photo: An ethidium bromide-stained gel containing DNA samples 
from left to right as follows: 
• 1 kb ladder molecular weight marker (unlabeled lane): fragment 
sizes in kilobases from top to bottom are: 12, 11, 10, 9, 
8, 7, 5, 4, 3, 2, 1.6, 1, 0.5. Fragments smaller than 0.5 kb are 
not clearly visible 
• cDNA-2: HindlXX/XhoX digest of cpn60llb plasmid cDNA clone. The 
490 bp fragment (lowest band) contains the sequences from 
which the 210 bp PGR fragment GS-2 was amplified 
• cDNA-1: Hindlll/Xhol digest cpn60Ib plasmid cDNA clone. The 
460 bp fragment (lowest band) contains the sequences from 
which the 184 bp PGR fragment GS-1 was amplified 
• GS-2: A 210 bp PGR amplified 3' gene specific fragment of cpn60II 
• GS-1: A 184 bp PGR amplified 3" gene specific fragment of cpn60I 
Right photo: Duplicate Southern blots of the gel pictured on the 
left. The molecular marker lane was cut off before transfer to the 
nylon membrane. The blots labeled GS-2 and GS-1 were hybridized 
with GS-2 or GS-1 radiolabeled probes respectively 
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Figure 31: Vectors for particle gun transformation were constructed using 
promoter sequences from maize cpn60l and cpn60ll genomic clones. 
Constructs with and without mitochondrial targeting pre-sequence, 
endogenous or Adfal intron sequences were tested in a maize 
embryogenic suspension culture transient assay system 
pcpn60IA:GUS 
pcpn60IC:Luciferase 
pcpn60IB:GUS 
pcpn60ID:Luciferase 
pcpn60IF:GUS 
pcpn60IE:Luciferase' 
pcpn60IS:GUS 
pcpn60IQ:Luciferase 
pcpn60IIG:GUS 
pcpn60IIH:Luciferase 
pcpn60IIJ:GUS 
pcpnGOl IK: Lucif erase 
pcpn60IIL:GUS 
pcpn60IIP:Luciferase 
pcpn60IIT:GUS 
pcpn60IIR:Luciferase 
B-
pPHI264:GUS 
p P H11528: Lucif erase 
CaMV35S Promoter 
Cpn60l Promoter sequence 
CpnGOII Promoter sequence 
Pinll Terminator 
Nos Terminator 
Reporter gene; GUSor 
Luciferase 
tB Mitochondria targeting pre-sequence cpnGOi 
1%! Mitochondria targeting pre-sequence cpnGOII 
• Endogenous intron sequence 
B Maize Adhi Intron 1 
* in-frame fusion at +2 Amino acid 
(Y/AA-Reporter) 
** in-frame fusion at +4 Amino acid 
(Y/AAKD-Reporter) 
Figure 32A: Northern blot analysis of maize total RNA probed 
with the cpn60lla cDNA 
Top photo: Effect of temperature on mt-cpn60 RNA 
levels. RNA samples (left to right) are from 
etiolated seedling tissue: 72 hrs post-
imbibition, 3 hrs 4°C; 72 hrs post-imbibition, 3 
hrs 25°C; 72 hrs post-imbibition, 3 hrs 39°C; 96 
hrs post-imbition, 3 hrs 25°C; 96 hrs post-
imbition, 3 hrs 39°C. mt-cpn60 total RNA levels 
increase in response to heat shock and cold-
shock treatments. A maize actin probe was used 
to check for equal RNA loading in each lane. 
Approximately 10 |j,g total RNA was loaded per lane 
Bottom photo: Effect of seedling age on mt-cpn60 
RNA levels, RNA samples (left to right) are from 
etiolated seedling tissue: 24 hrs. post-
imbibition; 48 hrs post-imbibition; 72 hrs post-
imbibition; 96 hrs post-imbibition. Total cpn60 
RNA levels decline as seedlings age from 24 to 96 
hrs post-imbibition. Approximately 10 jXg total 
RNA was loaded per lane 
72hfSHT 4C 
72hrSHT 25C 
Jl?Wl 
« 
Figure 32B; Northern blot analysis of maize total RNA probed 
with cpnGOIIa. This RNA membrane was obtained 
courtesy of Dr. Pam Cooper, University of 
Missouri-Columbia. Each lane contains 
approximately 10 |ig of total RNA from maize B73 
root tissue, heat-shocked B73 root tissue (3 
hours, at 40°C in 10"^  m calcium chloride buffer) 
M017 mature pollen, WF9 mature pollen, CM37 
mature pollen and Tn232 mature pollen. No 
detectable cpn60 message was identified in 
pollen, although a significant increase in cpn60 
message was seen in heat-shocked root tissue 
B73 
873 
CM37 
Mo17 
TnC32 
root, 25*C, control 
root, 40X, 3 hrs 
pollen 
pollen 
pollen 
Figure 33: Gene-specific probes for cpn60l or cpnôOlI were hybridized to B73 
seedling and embryo RNA. RNA samples (total RNA, unless otherwise 
noted) from left to right are: 
Etiolated seedlings: 24 hrs post-imbibition 
48 hrs post-imbibition 
72 hrs post-imbibition 
96 hrs post-imbibition 
72 hrs, cold treatment 3 hr 4°C 
72 hrs, control treatments hr 25°C 
72 hrs, heat treatment 3 hr 39°C 
96 hrs, control treatment 3 hr 25°C 
96 hrs, heat treatment 3 hr 25°C 
48 hrs Poly-A RNA 
Embryonic tissue: 3 weeks post-pollination 
5 weeks post-pollination 
7 weeks post-pollination 
Results show differential regulation of cpn60l (top row) and cpn60ll 
(middle row) transcription overlying a basic expression pattern common 
to both genes. Gel loading of RNA was normalized to ribosomal RNA and 
maize actin RNA (bottom row) 
24 hr. 
48 hr. 
72 hr. 
96 hr. 
72 hr./3 hr, 4 °C, 
72 hr./3 hr, 25°C, 
72 hr./3 hr, 39°C, 
96 hr./3 hr, 25 °C 
96 hr./3 hr, 39 °C 
Poly A RNA 3ug./48 hr. 
3 wk. embryo 
5 wk. embryo 
7 wk. embryo 
Table 10: Transient GUS expression in embryogenic suspension 
cultures of maize transformed by particle bombardment 
FU/|ig total protein 
18 hrs following bombardment, 28°C 
Expression 
Vector: ABG JEF ST 460 
Expt. 
1 18 38 41 59 - - 100 60 363 
2 27.4 15.0 14.3 53.0 0.3 1.1 158.5 79 448.7 
3 19.4 31.1 30.3 35.3 1.1 1.5 46.6 47.3 117.9 
X 21.6 28.0 28.5 49.1 0.7 1.3 101.5 62.1 309.9 
Figure 34: Top. GUS expression in tissue culture cells 
transiently transformed with the various cpn60I 
and cpn60II expression constructs is shown. 
cpn60ll shows slightly higher expression than 
cpnSOl when mitochondrial targeting sequences are 
part of the fusion protein. Removal of the 
presequence reduced expression to near 
background levels. cpn60l expression is higher 
than cpn60ll when these presequences are removed, 
and the Adhl intron 1 is included between the 
promoter and reporter gene sequences. The levels 
of expression were also significantly higher with 
these constructs. Expression vectors are 
designated as in Figure 31 
Bottom. Comparison of GUS expression with 
Luciferase expression is shown 
191 
T 
B G J F E S 
Expression vectors 
T  460  
cpnGOl 
cpnGOII 
CaMVS35 
500  J  
450 . .  
400 - .  
350 . .  
300.. 
250- .  
200 - -
150 - .  
100 . .  
50 - .  
0 
GUS/Luciferase 
A C B D G H J K F L P E S Q T R  
Expression Vectors 
cpnGOl GUS 
cpnGOII GUS 
O cpnGOl Luciferase 
@ cpnGOII Luciferase 
Table 11: Transient Luciferase expression in embryogenic suspension cultures 
of maize transformed by particle bombardment 
LU/fig total protein 
18 hrs following bombardment, 28°C 
Expression 
Vectors: CDHKLP Q R 1528 
E3cp.# 
1 8 13.5 23.5 36.5 - - 500 380 1610 
2 10.5 20.3 15.9 57.5 0.2 4.0 372.7 192.9 4930.0 
3 33.1 14.7 28.9 64.2 0.02 1.5 566.2 208.0 3844.0 
X 17.2 16.2 22.8 52.7 0.1 2.8 479.6 260.3 3461.3 
Figure 35; Luciferase expression in tissue culture cells 
transformed with the various cpn60I and cpnGOII 
expression constructs is shown in the histogram 
at right. Transient expression of Luciferase 
constructs followed the same trend as GUS 
constructs with regard to relative expression 
(see lower histogram, Figure 34). Expression 
vectors are as designated in Figure 31 
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4700 
3500 
34004 
% 500-1-
o) 400--
u- 300--
200-. 
1 0 0 "  
Luciferase 
H  K  L  P G R  1 5 2 8  
Expression Vectors 
cpnGOl 
cpnGOii 
CaMVS35 
Table 12 : Transient GUS expression in maize anthers transformed by particle 
bombardment^ . Anthers were subjected to heat shock (42°C) for 30' 
or 3 hours following bombardment. Control anthers were kept at 
28°C following bombardment. All three groups of anthers were then 
incubated for 18 hrs at 28°C 
FU/jig total protein 
Expression Vector B J 
(cpn60l:GUS) (cpnSOlI:GUS) 
460 
{CaMV35S: :GUS) 
18 hrs at 28°C 
(% CaMVS35::GUS) 
20.8 52.9 
(11) (30) 
179.1 
(100) 
42°C Heat-shock 30 min followed by 18 hrs at 28°C 
% increase 
42.4 56.5 
103 7 
564.4 
215 
42°C Heat-shock 3 hrs followed by 18 hrs at 28°C 
% increase 
21.9 25.5 
5 -52 
722.7 
304 
G^US-expression data for anther tissue obtained in collaboration with Vicky 
Phillips and Gary Huffman, Pioneer Hi-Bred International, Inc. 
Figure 36: Top: GUS expression in maize anthers (in which 
pollen development is at the quartet stage) 
transformed with the cpn60l, cpn60ll and CaMV35S 
expression constructs is shown in the top 
histogram at right. Anthers were incubated 18 
hrs at 28°C following bombardment before GUS 
levels were determined 
Bottom: The effect of heat-shock for 30 minutes 
or 3 hours on GUS expression in bombarded anther 
tissue 
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GUS Expression in Anthers 
220 
200 
180 
160 
Ç 140  •  cpn60 i  
I  100 ! •  cpneo i ,  
: i  80 '  •  CalVIVSSS 
Z 60 
B J  460  
Expression Vectors 
Effect of Heat-Shocl< on Gus Expression in Anthers 
cpneoi 
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(Vector J) 
Figure 37: Transmission electron micrographs showing the 
preferential deposition of GUS reaction product 
in the mitochondria of stable transgenic BMS-S 
cultures which contain the cpn60lA;:GUS or 
cpn60IIJ::GUS genes. The reaction product is 
electron dense and appears black in the 
micrographs. Sections were observed unstained 
for the presence of electron-dense crystals. 
These sections were stained to show cellular 
structures and photographed. CaMV35S:;GUS 
transgenic cultures show non-specific deposition 
of crystals. Electron-dense crystals are not 
detected in non-transformed BMS-S cells (not 
shown) 
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cpn60IA::GUS cpn60IIJ::GUS 
Control;;GUS 
(no mt-presequence) 
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8. GENERAL SUMMARY 
Chaperonin 60 (mt-cpn60; also known as hsp60) is a 
mitochondrial protein first identified and characterized in 
Tetrahymena thermophila (2) and Saccharomyces cerevisiae (13). 
It belongs to a family of proteins which are homologous to E. 
coli groEL (195) and the chloroplast Rubisco-binding protein 
(1). These proteins are members of a class of proteins called 
"molecular chaperones" whose role is to prevent aggregation 
and precipitation of partially folded and unassembled 
polypeptides. At least one protein antigenically related to 
hspSO in yeast and Tetrahymena has been identified in Zea mays 
mitochondria (16). 
Two distinct polyadenylated cDNAs for maize cpn60 were 
identified and sequenced. An RNA species of approximately 2.3 
kb is detected by these cDNAs and is extremely abundant and 
developmentally regulated in germinating seedlings. Southern 
blots of maize DMA showed at least two bands hybridizing with 
mt-cpn60 in all of the maize inbreds screened. One homologous 
fragment was present in the Arabidopsis genome. Segregation 
patterns indicate that both maize genes are contained within 
the nuclear genome, and the chromosomal locations of the two 
cpn60 gene copies have been determined by RFLP mapping 
techniques. A maize B73 genomic library has.been constructed 
and screened for cpn60 clones. Two major families of 
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overlapping clones have been identified that correspond to the 
two gene copies identified on genomic Southern blots. The 
nucleic acid sequence of these clones indicated that both 
could encode full length cpn60 proteins, the sequence of which 
matched each of the cDNA clones isolated previously. The site 
of transcription initiation for each gene has been determined. 
Four minor families of genomic clones which show varying 
degrees of homology to the cpn60 cDNA were also identified. 
These sequences may represent functional genes perhaps 
encoding additional chaperonin proteins, either organellar or 
cytoplasmic, or they may represent pseudogenes. mt-cpn60 
pseudogenes have been identified in mammalian species. An 
Arabidopsis cpn60 genomic clone has also been isolated and 
partially sequenced. 
Sixteen introns have been identified in each maize gene. 
Comparisons of the available Arabidopsis cpn60 genomic 
sequence with maize cpn60I and cpnGOII sequences conservation 
of intron positions between Arabidopsis and maize cpn60 genes 
for all but two introns. 
The genes for cpnSOl and cpn60ll both contain promoter 
sequences which lack a recognizable TATAA consensus sequence. 
In this regard, cpn60I and cpn60II are in the minority among 
plant genes for which promoter sequence information is 
available. In animals, TATAA-less promoters.are 
characteristic of "housekeeping genes" required for general 
202 
cellular function. Among the few TATAA-less plant genes 
identified, are genes which contribute to general cellular 
housekeeping, but are also stress-inducible (such as the 
catalase-1 gene of maize). Maize mitochondrial cpnGOl and 
cpn60ll do not contain obvious heat shock element (HSE) 
consensus sequences (with the exception of one possible HSE 
sequence in the cpnSGI gene). The expression of the two maize 
mt-cpn60 genes are heat inducible, but since they lack the 
reiterated HSE's typical of the upstream regions of other hsp 
genes they may be subject to a different set of regulatory 
signals. Our Arabidopsis cpn60 genomic clone contains several 
kb of sequence upstream of the translational start site. This 
region has not yet been subcloned and sequenced. It will be 
interesting to determine if the promoter region of the 
Arabidopsis gene lack a TATAA consensus sequence and 
reiterated HSE's as do the maize mt-cpnGO genes or if the 
structure of the gene resembles a more characteristic hsp 
gene. 
In Saccharomyces cerevisiae, hsp60 (mt-cpn60) is an 
essential protein. When maize cpnGOII cDNA was expressed in 
yeast, maize cpn60 gene product was found to be properly 
imported into yeast mitochondria and processed to the correct 
size mature protein. The maize cpnSOlI gene was also capable 
of sustaining yeast cells in the absence of yeast hsp60 
protein, indicating that the cpnGOlI gene product encodes a 
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functional mitochondrial chaperonin. This work is the first 
time a plant mitochondrial transit peptide has been shown to 
function in yeast cells. It is also the first report of 
eukaryotic cross-species transfer and function of 
mitochondrial chaperonin 60 protein. 
Expression of maize cpn60 steady state mRNA is 
developmentally regulated in young seedling plants. Levels 
are high in newly imbibed embryonic axis of etiolated 
seedlings and levels decrease, as seedlings age, to a low 
level of constitutive expression by 8 days after imbibition. 
Expression in young seedlings also increases several fold in 
response to cold and heat shock treatments. General patterns 
of cpn60I and II expression during development and high 
temperature stress are similar, but some subtle quantitative 
and qualitative differences are evident. cpn60I is induced to 
higher levels than cpnGOII during conditions of heat shock and 
cpn6Gl alone shows induction upon cold shock. cpnSOII shows a 
greater degree of regulation during seedling development than 
does cpn60I. This pattern of high constitutive expression 
with an overlying indueibility dependent upon developmental 
and environmental cues, is consistent with the essential 
character and function of the chaperonin protein in the cell. 
It is required for normal cellular metabolism, but may be 
required at higher concentrations when cells are challenged by 
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adverse environmental conditions or periods of rapid growth 
and mobilization of resources. 
Transient expression patterns of reporter genes driven by 
promoter sequences from cpnSOl and cpn60ll genes in cells 
transformed by particle gun bombardment correlated well with 
the steady-state mRNA levels determined from northern blot 
analyses. This suggests that cpn60I and cpn60II gene 
expression is regulated primarily at the level of 
transcription. In the future, transient expression studies 
designed to more intensely characterize the promoter activity 
of cpnGOI and cpn60II upstream sequences may identify regions 
which contribute significantly to the differential regulation 
of the two genes. 
An EM histochemical approach was used to show that GUS 
protein was correct targeted to the mitochondria in transgenic 
maize cells containing cpnGOI or II gene promoters and 
putative mitochondrial targeting pre-sequences fused to the 
GUS reporter gene. Stable transgenic tissue will be used in 
future experiments to assess the impact of several 
environmental and chemical stresses upon the general pattern 
of cpnGOI and II expression and regulation. 
Mitochondrial chaperonin 60 is likely to be an essential 
protein in plants, as has been found in yeast and E. coll. 
The combination of coordinate and independent regulation of 
mt-cpnGO expression would suggest that the maize plant is 
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endowed with a survival strategy to cope with a complex set of 
environmental stimuli and stresses. 
206 
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